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Abstract 
Malone, Stephanie Michelle (Ph.D., Chemical and Biological Engineering) 
Order and Disruption of Order Induced by Self-Assembled Monolayers 
Thesis directed by Professor Daniel K. Schwartz 
 
 Self-assembly is defined as objects spontaneously and reversibly arranging 
themselves in the absence of outside direction.  It involves a delicate balance between 
interparticle and intermolecular attraction and repulsion forces, thus resulting in a lower 
thermodynamic energy for an ordered state.  In this work, the effect of self-assembly 
has been studied in both thermotropic and lyotropic liquid crystals. The utility of liquid 
crystals lies in the synergistic alignment that arises from the inherent elasticity of the 
material.  Liquid crystals orient themselves based on the surface chemistry or 
topography of a substrate, and the bulk of the material will then align in concert with that 
surface layer.  This allows amplification of any surface interactions, or as studied in this 
work, surface order, which can  then be easily characterized with polarized light.   
 Thermotropic, nematic liquid crystals were used to probe the relationship of the 
chain length of alkylsilane self-assembled monolayers (SAMs) to surface energy.  It was 
found that the liquid crystals interact with only the outermost 4 molecules in a SAM.  
Additionally, it was found that rubbing can not only induce azimuthal orientation on 
chains longer than 5, but that it can alter the surface energy and impart polar liquid 
crystal tilt.   
iv 
 
 Thermotropic liquid crystals were also used to further understand the extent of 
surface passivation of glycidoxypropyltrimethoxysilane (GPTMS) SAMs.  While it was 
expected that this surface would have low azimuthal anchoring energy, this property 
was exploited for the detection of double-stranded DNA (dsDNA). The chirality of the 
molecule, combined with negligible anchoring energy, combined to allow propagation of 
the unique chiral alignment of -32±4 when exposed to extended dsDNA 
 Finally, it was found that not only do linactants self-assemble into aggregates in 
2D Langmuir-Blodgett films, but that linactants also followed the model of 3D micelles, 
despite being fundamentally different than micelles or hemimicelles.  The size scale of 
these molecules are ~37 nm, rather than limited to the size of two molecules as with a 
micelle, despite an apparent CMC, as well as eventual onset of lyotropic phases.   
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Chapter 1 
 
Introduction 
 
 
The formation of an ordered system has two pathways: external guidance and 
self-assembly.  External guidance is intuitive: of course increased order is likely under 
directed assembly.  More subtle, however, are the mechanisms of self-assembly.  Self-
assembly is defined as objects spontaneously and reversibly arranging themselves into 
an ordered structure without outside direction.   For a self-assembled structure to exist, 
intermolecular or interparticle forces result in a lower overall free energy than the 
entropy entropic energy loss in the transition from disordered to ordered structures.  
This balance of thermodynamic forces is what makes self-assembly so sensitive: minute 
changes in environmental conditions can tip energetics so that self-assembly is no 
longer favored. The in-depth study of self-assembled order, and the disruption of that 
order, can be used to more fully understand surface energies and molecular 
interactions.  Thorough understanding of these interactions can be used to develop 
sensing mechanisms, leading to a deep fundamental understanding of the world around 
us.  
Order can be studied on multiple size scales, ranging from molecular order  to 
colloidal crystals1. Understanding molecular order elucidates the mechanisms for 
chemical reactions and interactions: this paves the way for applications including 
surface coatings and catalysis.  Regarding surface coatings, self-assembled 
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monolayers are especially useful as alignment layers for liquid crystals. The order 
imparted by the monolayer is then propagated epitaxially, effectively amplifying any 
surface topology or interactions.  In this way, the study of liquid crystalline order and 
disorder can be used as an amplification method to obtain deeper understanding of 
studied systems.   
	
1.1	Liquid	crystals	
The common phases of matter are familiar to us all:  solid, liquid, and gas.  In the 
case of a solid, intermolecular forces are stronger than the translational energy (i.e. ଵଶ ݇ܶ 
for each degree of freedom), thus restricting molecular movement to vibrational modes 
and establishing molecular order.  A crystalline solid possesses both translational and 
orientational order.  Upon increasing translational energy (e.g. with heating), molecular 
vibrations become stronger than intermolecular forces, thus allowing the free molecular 
motion present in liquids and gases.  The attractive intermolecular forces in a liquid are 
still quite strong; although free molecular motion is allowed, in actuality, liquids in do not 
fill much more volume than a solid.  In contrast, to a first approximation, gases have no 
intermolecular interactions except in extreme conditions (e.g. extremely high 
temperature and pressure).  Both liquids and gases lack positional and orientational 
order, making these materials completely isotropic.   
Phase transitions are generally sharp; unless near the critical point, where clear 
transitions no longer exist between phases.  Interestingly, an anisotropic mesophase 
known as liquid crystal exists for some classes of molecules.  Unsurprisingly, liquid 
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crystals exhibit properties of both liquid and crystalline materials. While it flows freely, 
similar to a liquid, there is also long-range orientational order, similar to a crystalline 
solid.  The amount of crystalline order depends on conditions such as temperature, 
concentration, phase, and any surface interactions.  
 
1.1.1 Liquid crystalline order 
Prior to deeper discussion of the phases and behaviors of liquid crystalline 
materials, a descriptive terminology must first be defined.  The class of molecules that 
forms liquid crystal mesophases tends to be comprised of long, asymmetric molecules.  
The director ( ො݊), is the average direction in which the long axis of the liquid crystal 
molecule is oriented.  Unsurprisingly, not every molecule aligns itself exactly with the 
director. Instead, each molecule fluctuates somewhat from the overall director.  This 
fluctuation is quantified by the order parameter,  
ܵ ൌ 〈ଷ௖௢௦మఏିଵଶ 〉, (eq. 1.1) 
where is the deviation of an individual molecule from the director orientation.  Because 
this quantity is averaged over the bulk of the material, the brackets in equation 1.1 
denote a temporal and spatial average. For an isotropic sample such as a liquid, S=0, 
whereas for a perfectly crystalline sample, S=1.  S is on typically between 0.3 and 0.8 
for a liquid crystal, and it decreases as the temperature increases (Figure 1.1)2. 
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This dissertation will discuss calamatic liquid crystals.  Calamatics are type of 
thermotropic liquid crystals, which indicates that the order parameter is highly 
dependent on temperature. As temperature rises, the molecules gain more kinetic 
energy, causing increasing fluctuation from the overall director.  Order then decreases, 
lowering the order parameter.  Several distinct phases can exist in a calamatic; but each 
is only stable through a range of temperatures.  The isotropic phase occurs after the 
liquid crystal has melted completely and becomes an isotropic liquid.  The nematic 
phase has orientational, but no positional order.  Smectic phases have both 
orientational and positional order (Figure 1.4).   
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As opposed to thermotropic liquid crystals, lyotropic liquid crystals change order 
parameter and phase with mesogen concentration. One such example is an aqueous 
surfactant solution.  Above a critical concentration, surfactant molecules form ordered 
structures such as micelles and vesicles.  At higher concentrations, surfactants form 
hexatic or lamellar phases, and exhibit liquid crystalline long-range order.  Polymeric 
molecules with rigid moieties also form liquid crystalline phases under appropriate 
conditions, as the rigid moieties induce molecular anisotropy.  Molecular anisotropy is 
the common link with all liquid crystalline mesogens, and that anisotropy allows liquid 
crystalline materials to maintain positional and orientational order in an otherwise fluid 
phase.  This dissertation will discuss how the order in both thermotropic and lyotropic 
liquid crystals gives information about molecular-level structure, including molecular 
orientation and concentration. 
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1.1.4 Birefringence 
 While most materials have only one index of refraction, birefringent materials 
such as liquid crystals have two.  This separates incident light into two rays, the ordinary 
and extraordinary ray.  The ordinary ray (no or n) follows Snell’s law, and it vibrates 
perpendicular to the optical axis. The extraordinary ray (ne or n) vibrates parallel to the 
optical axis, and does not follow Snell’s law.  The difference between these two values 
is the birefringence, defined as  
Δ݊ ൌ ݊௘ െ ݊௢ (eq 1.2). 
In optically positive materials, ne is greater than no. The converse is true in optically 
negative materials.   In either case, the axis with the larger index of refraction is the slow 
axis, and the one with the smaller index of refraction is the fast axis.  Because of the 
two rays propagate at different velocities while travelling a fixed distance; they exit the 
material out of phase.  The resulting phase difference is referred to as the retardation of 
the light.  Retardation has two main consequences:  rotation of the polarization of light, 
and interference colors.  
 Rotating the polarization of light is notable in birefringent materials because it 
allows for visualization through crossed polarizers.  Crossed polarizers would normally 
block all transmission of light (Figure 1.8).  A linear polarizer is designed so that once 
light passes through, it vibrates in only one direction.  A material is then placed in the 
light path.  If a material is non-birefringent, it has no effect on incident light.  Thus, no 
light passes through the second polarizer (analyzer) because there is no component of 
light aligned with it, as the two polarizers are perpendicular to each other.   A 
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light can be estimated using the colors presented through crossed polarizers. 
Retardation and birefringence are related by 
ܴ ൌ ∆݊ ∙ ݀, (eq 1.3) 
where R is retardation,	∆݊ is birefringence, and ݀ is the thickness of the birefringent 
material.   A simple method of estimating the birefringence of a sample is the Michel-
Levy diagram4(See Figure 1.9), a graphical interpretation relating interference color, 
birefringence, and thickness.  If two of these variables are known, the third can be 
determined from the chart.  The birefringence can then be used to determine the 
azimuthal and polar angles of the liquid crystal, provided thickness is known.  
Retardation can also be measured with a compensator for more accurate 
quantification5.   
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1.1.5 Liquid crystal anchoring  
From a fundamental perspective, the anchoring and orientation of liquid crystals 
can be regarded as a sensitive probe of the surface properties of a substrate. Liquid 
crystals are capable of detecting surface conditions invisible to AFM, ellipsometry, and 
FTIR6-8.  Previous work has used various surface modification approaches to create 
gradients6, 9, patterns3,10-13, and blended substratess14, 15 in order to probe the subtleties 
of the liquid crystal/substrate interaction.  If a liquid crystal molecule is polar, it can 
reorient in an electromagnetic field as well.  This electroptic response is the basis for the 
twisted nematic cell, which switches from transmitting to blocking light, guided by the 
reorientation of liquid crystals in an electric field2, 16.  More generally, liquid crystal 
reorientation in response to surface conditions and external fields can all be interpreted 
by tracking birefringence, which as stated previously is directly related to liquid crystal 
anchoring/orientation.   
Liquid crystals are useful in display and sensor applications precisely because of 
the relationship between birefringence and response to environmental conditions.  
Additionally, the inherent elasticity of liquid crystal makes it a natural amplification 
mechanism.  Another focus of this dissertation will be surface anchoring, i.e. the 
interactions between a liquid crystal and a bounding surface.  Anchoring is quantified by 
measuring the anchoring energy, or the amount of energy necessary to perturb a 
molecule from the easy axis17.  The easy axis is defined as the direction at which a 
liquid crystal aligns to minimize its elastic energy.   Anchoring energy can be calculated 
from the surface free energy (ߛሻ as follows: 
ߛ ≡ ߛሺߠ௢, ߶௢ሻ ൅ܹሺߠ െ ߠ௢, ߶ െ ߶௢ሻ ≡ ߛሺߠ௢, ߶௢ሻ ൅ ௔ܹሺߠ െ ߠ௢ሻ ௣ܹሺ߶ െ ߶௢ሻ (eq 1.4), 
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where ߠ௢ and ߶௢represent the azimuthal and polar easy axes, respectively.  Surface 
energy can be separated into contributions from the azimuthal and polar anchoring 
energy.   When ߠ ൌ ߠ௢, the anchoring function W becomes a function of the polar 
anchoring energy (Wp) only.  Likewise, when ߶ ൌ ߶௢, W become a function of only the 
azimuthal anchoring energy (Wa) only.  Any chemical or physical alteration on the 
surface will alter liquid crystalline anchoring energy; thus tracking of anchoring energy 
creates a very useful probe for surface conditions.   
 
1.1.6 Liquid crystal alignment techniques 
Because easy direction and anchoring energy are highly dependent on surface 
anisotropy, alignment layers are often created by physical surface modification.  A 
number of treatments have been empirically developed to induce desired surface 
alignment.  Commonly, liquid crystal anchoring is directed by treating an substrate with 
physical or chemical methods such as rubbing, brushing, surface patterning, selective 
degradation, oblique evaporation, or Langmuir-Blodgett films13, 18-32,33,34.   This 
manufactured anisotropy generates alignment layers which induce epitaxial liquid 
crystal alignment close to the substrate.  Because of the energetic penalties associated 
with discontinuous director change, the bulk volume of the liquid crystal will then align 
itself to the surface layer in order to globally minimize elastic distortion energy.  In this 
way, surface liquid crystals amplify surface conditions, allowing direct observation of 
surface phenomena via altered tilt/birefringence.    
As stated previously, liquid crystals react incredibly sensitively to surface 
conditions, even those undetectable by other investigative methods.  Even the method 
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of applying the previous treatments affects anchoring behavior.  It is well known that 
rubbing strength is related to the degree of liquid crystal alignment and tilt 8,9,19, 31,29, 35, 
36.   Despite its sensitivity to methodology, rubbing is the standard technique for 
commercial alignment layers because of its high throughput and ease of use.  The most 
common defects in LCDs, however, are direct byproducts of rubbing.  Static electricity 
and dust, both of which are inevitable byproducts of rubbing a substrate, result in dead 
pixels.  This is one of the main reasons large displays are disproportionately expensive: 
as the display grows larger, it is rarer for a screen to be flawless.  Thorough 
understanding of liquid crystal alignment and surface interactions will lead to improved 
contact-free alignment systems, which obviously have commercial potential for large 
screen applications.  
 
1.1.8 Types of liquid crystal alignment  
Liquid crystal alignment has three main states: homeotropic, planar, and tilted. In 
homeotropic alignment, the director lies perpendicular to the alignment layer.  In planar 
alignment, the director of the liquid crystal molecule lies parallel to the alignment layer.  
Tilted alignment is intermediate between homeotropic and planar alignment. 
Combinations of any of these types are known as hybrid aligned cells (Figure 1.10). 
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distortion energy.  The requirement for continuous anchoring is what allows the 
classification of liquid crystal alignment as a mesoscopic rather than a microscopic 
phenomenon. Because of its inherent elasticity, the liquid crystal acts as a bulk material 
rather than as discrete molecules, allowing for effective modeling with the elastic 
continuum theory.  This theory can be simplified to apply tor nematics to calculate the 
elastic energy: 
ܨ ൌ ଵଶ ሾܭ௦ሺ׏ ∙ ݊ሻଶ൅ܭ௧ሺn ∙ ׏ ൈ ݊ሻଶ൅ܭ௕ሺn ൈ ׏ ൈ ݊ሻଶሿ, (eq 1.5) 
This relationship denotes the Frank elastic energy37.  The three constants 
associated with deforming liquid crystals are ܭ௦, the splay constant, ܭ௧, the twist 
constant, and ܭ௕, the bend constant.   The free energies associated with liquid crystal 
deformations are the splay [ଵଶܭ௦ሺ׏ ∙ ݊ሻ], twist [
ଵ
ଶܭ௧ሺn ∙ ׏ ൈ ݊ሻ], and bend [
ଵ
ଶܭ௕ሺn ൈ ׏ ൈ ݊ሻ], 
which are represented in Figure 1.11.   
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Liquid Crystal Elastic Constants3 K11 (splay) K22 (twist) K33 (bend) 
5CB 6.4 pN 3 pN 10 pN 
MBBA 6 pN 4 pN 7.5 pN 
 
Table 1.1:  Elastic constants of 5CB and MBBA 
 
Elasticity also highlights the importance of surface anchoring on control of liquid 
crystal alignment. Despite the easy axis defining the local energy minimum, it is 
common for liquid crystals to align obliquely to it.  This is because competing elastic 
forces dictate that deviation from the easy axis will reach the global energy minimum.  If 
the two easy axes of a liquid crystal cell are not aligned, the bulk energy must also be 
accounted for, as the combination of the surface and bulk energy must be minimized.  
For example, in a twist cell, the easy axes of each substrate are perpendicular to each 
other.  Rather than align each easy axis, and transition between the two in bulk, the 
twist angle instead is less than 90°.   In this case, minimizing the twist energy outweighs 
the energy penalty for deviating from the easy axis.   
Anchoring energy, or the amount of energy necessary to deviate from the easy 
axis, is related to the bulk elastic constants previously mentioned in the Frank 
continuum theory.  Relating anchoring energy to the Frank elastic constants also 
defines new quantity known as the extrapolation length, 
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ܮ ൌ ௄ௐ (eq 1.6) 
where L is the extrapolation length, K is elastic constant, and W is the anchoring 
energy.  Extrapolation length is qualitatively defined as the distance from a discontinuity 
until the director again coincides with the easy axis.  For low anchoring energy, it is 
easy to see that this results in long extrapolation lengths, and that any molecule 
decorating the surface imparts a large influence on liquid crystal alignment. Likewise, 
when there is high anchoring energy, the director returns to the easy axis much closer 
to the disclination.  The combination of liquid crystal elasticity and the anchoring 
strength explain the extrapolation length thoroughly, and the control of these 
parameters provides the basis for liquid crystalline detection. 
 
1.1.9 Visualization of liquid crystal alignment 
 As described by the Michel-Levy diagram, different liquid crystal orientations 
result in distinct birefringence colors when viewed through crossed polarizers.  A 
homeotropicly aligned liquid crystal presents as black through all angles of rotation.  
Because the liquid crystal is perpendicular to the alignment layer, and thus parallel to 
the optical axis, the light “sees” only a single index of refraction, and it behaves as a 
non-birefringent material.  If liquid crystal has nonzero polar tilt, it behaves as a 
birefringent material, and interference colors are visible viewed through crossed 
polarizers.  
Polar alignment is detected by interference colors, but the presence of azimuthal 
alignment is observed as a result of rotation. If a sample is degenerate, (random 
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1.1.9 Mechanism of alignment 
  
 The mechanism of liquid crystalline alignment can be explained via two schemes:  
(1) physical interactions of the anisotropic molecules with the surface, or (2) molecular 
interactions that occur between the liquid crystals and surface. The first can be caused 
by alignment to grooves,27 microscratches,18, 38 or other topological features.12, 39    
Anisotropic liquid crystal molecules orient themselves along surface features to 
minimize elastic distortion energy, which then produces bulk alignment. In this theory, 
molecular interactions between liquid crystals and the alignment layer play no role in 
anchoring.  In the second scheme, interactions between the surface and liquid crystals 
can be the result of intermolecular forces such as hydrogen bonding, dispersion forces, 
hydrophobic interactions, excluded volume, and steric interactions.40  However, theses 
interactions are difficult to validate without molecular modeling, and physical interactions 
are generally considered the mode of liquid crystal alignment. 
 
1.2 Liquid crystalline sensors 
1.2.1 Liquid crystalline biosensors  
 
Many previous examples of liquid crystal use to sense biological molecules have 
been demonstrated.41-44  Liquid crystals have proven capable of responding to the 
presence of lipids, 45, 46 protein binding, 47,48-50 and nucleic acids.44, 51  They provide a 
direct optical response without the need for specific labeling of the species of interest.   
Many of these systems, however, involve an intermediate interaction between the 
biological molecule and the liquid crystal.  In some cases, this can be the target 
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molecule interacting with a surfactant monolayer, which then interacts with the liquid 
crystal.  While this is not direct chemical labeling, the extra component of the sensing 
mechanism adds a confounding factor to the detection scheme, and removal will 
simplify the process.  Elimination of extraneous “reporter” molecules in the reaction 
should lead to increased reliability and repeatability of this technique.  Our objective is 
to combine the advantageous elimination of chemical labeling with the high sensitivity of 
liquid crystal detection.   To apply this mechanism to DNA detection, we exploit the 
specific affinity of complementary strand of DNA via hybridization.  Detection of a 
specific sequence is facile due to spontaneous complementary pairing. Current 
technology features premade chips where potential complements are present, waiting 
for detection via hybridization. Because of the native affinity of DNA for its complement, 
the fundamental requirement of a DNA sensor is the ability to distinguish between single 
and double-stranded DNA.  Work by Nakata identified unique liquid crystal alignment 
associated with the presence of double stranded DNA in sheared, concentrated films.  
We intend to expand this work to less concentrated DNA films to differentiate between 
double and single-stranded DNA. 
 
1.2.2 Liquid Crystalline Sensitivity 
 As stated previously, liquid crystals are an elastic material described by the 
continuum theory.  This means that rather each molecule reacting individually to elastic 
stresses, the entire phase acts as a continuous medium.  This is most readily apparent 
in the concept of extrapolation length, which quantifies as the distance over which that 
elasticity applies itself. The extrapolation length of liquid crystals can theoretically reach 
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up 100 m, i.e. the effect of a perturbation the director field can be observed up to 100 
m  from its point of origin52.  Strong alignment favors return to the easy axis, 
necessitating a much larger anisotropy to disrupt anchoring, and a low extrapolation 
lenght. Weak alignment, however, requires only small surface disruptions to observe 
liquid crystal over a large extrapolation length.53  The exact extrapolation length, of 
course, depends on the anchoring energy created by the liquid crystal/alignment layer 
interactions and the elasticity of the particular liquid crystal (eq 1.6).  If a substrate is 
engineered to have a very low anchoring energy, the result is a very low energy barrier 
towards a shift in anchoring.  Thus, single molecules on a substrate can easily shift the 
liquid crystal director for long extrapolation length all directions, and have an even larger 
effect if anchoring is further reduced.  
Extrapolation length is related to both anchoring energy and elasticity, but because 
the elasticity of a liquid crystal is constant, for maximum extrapolation length, weak 
surface anchoring conditions on the alignment layer are crucial.  While it may seem 
advantageous to minimize both the zenithal and the azimuthal anchoring energy, in fact, 
strong zenithal anchoring is critical to observation of azimuthal alignment.  The liquid 
crystal molecules must remain tilted (ideally planar alignment) in order to observe 
azimuthal alignment.  Strong zenithal alignment guarantees that any azimuthal 
alignment will be visible.  Additionally, azimuthal anchoring energy tends to be several 
orders of magnitude smaller than polar anchoring; therefore higher extrapolation lengths 
are possible with azimuthal rather than zenithal alignment.54, 55,56  Specifically for MBBA 
and 5CB, the azimuthal anchoring energy is one to two orders of magnitude smaller 
than the polar anchoring energy.3, 57, 58 59  Because of the necessity of strong zenithal 
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alignment, and because azimuthal energy is initially lower than zenithal energy, in this 
work we will focus on minimizing only the azimuthal anchoring energy.   
 Azimuthal anchoring can be either aligned or degenerate.  To clarify, degenerate 
azimuthal anchoring is a common state that implies that while planar anchoring is 
favored by the substrateቀ߶ ൌ గଶቁ, there is no preferred azimuthal angle (ߠ) (see Figure 
1.2), i.e. there is no energetic penalty for the director to assume any value of	ߠ as long 
as the condition ߶ ൌ గଶ	 holds.  This also implies there is virtually no energetic cost for 
any added surface anisotropy to induce azimuthal alignment.60  Unfortunately, many 
surfaces, even those that induce degenerate alignment, possess surface memory.  In 
this phenomena, while there is no initial bias towards liquid crystal alignment, the first 
layer eventually interacts with the surface in a way that causes an easy direction to be 
formed, essentially increasing the anchoring energy over time.  To circumvent this, we 
aim for surface passivation, which disallows surface/liquid crystalline interactions, 
preventing anchoring energy creation at the solid/liquid crystalline interface.   If a 
passivated surface is created, minimization of the anchoring energy can lead to a 
disruption the liquid crystalline order that could lead to a potentially infinite propagation 
of liquid crystalline order because of the infinitesimally small anchoring energy leads to 
infinitely large extrapolation length.   
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1.3 Two-dimensional liquid crystalline domains 
 A more thorough discussion of lyotropic liquid crystals is also called for.  It is well 
documented that at sufficiently high concentrations, micelles themselves may begin to 
pack into more ordered structures such as hexagonal and lamellar phases61.  While 
these are well categorized in three dimensions, aggregation also occurs in two 
dimensional systems62.  Hemimicelles and other types of surface aggregates63-77 
certainly exist, and share many properties with their 3D counterparts.  The study of 
surfactants has already begun to move past standard applications such as solubility, 
mixing, and detergency.  Monolayers can also be the basis for applied surface coatings, 
changing the reactivity or even the utility of materials.  Monolayers need not be self-
assembled to be an interesting study.  In fact, the study of non-equilibrium states gives 
opportunity for a finer of control of any layers formed. Similarly to surfactants forming 
three dimensional superstructures at high concentrations, at high surface 
concentrations, surface active agents within monolayers can also form 2D long range 
liquid crystalline order. Studying this order leads to greater fundamental understanding 
of both self and directed assembly. 
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Chapter 2 
 
Polar and Azimuthal Alignment of a Nematic Liquid Crystal by Alkylsilane Self-
Assembled Monolayers as Affected by Chain-Length and Mechanical Rubbing 
 
Alkylsilane self-assembled monolayers (SAMs) on oxide substrates can be used 
as liquid crystal alignment layers.  We have studied the effect of alkyl chain length, 
photolytic degradation, and mechanical rubbing on polar and azimuthal liquid crystal 
anchoring.  Chain length was studied with SAMs that had been photolytically degraded 
in order to produce a gradient of surface properties, as well as SAMs deposited from 
varying discrete alkyl chain lengths.  Alkyl chain length varied between 1 and 18 
carbons.  In both gradient and discrete SAMs, the liquid crystal transition between 
homeotropic and tilted corresponded to increasing wettability of the SAMs.  An offset 
between the transition contact angle for photolytically degraded SAMs vs. discrete 
SAMs suggested that layer thickness and composition are more relevant than wettability 
for liquid crystal alignment.  Mechanical rubbing proved capable of inducing azimuthal 
alignment, as well as slightly increasing polar tilt.  This induced tilt was most easily 
visualized near the homeotropic to tilted transition, e.g., unaligned SAMs of alkyl chain 
length 5 shifted from homeotropic alignment to tilted transition upon rubbing.   
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2.1 Introduction 
The epitaxial alignment and  of liquid crystals to surface grooves is a well-studied 
phenomenon.1     Both polar and azimuthal liquid crystal anchoring are of significant 
interest; changing either provides information about a substrate‘s surface properties, 
including topography and chemistry.  The extreme sensitivity of liquid crystals to 
underlying surface conditions is unparalleled.  Subtleties including the tilt of Langmuir-
Blodgett films,2-4 switching of photoisomerizable compounds5,6 peptides adsorption,7-11 
and DNA adsorption5, 12, 13 have all been detected via liquid crystal/substrate 
interactions.   
Detection is typically accomplished by identifying the liquid crystal textures that 
correspond to alignment layer properties.  This generally manifests itself in the form of a 
shift of the polar or azimuthal anchoring angle, or the onset of azimuthal alignment in a 
previously degenerate sample.  Detection is also possible by monitoring anchoring 
energy.  Measuring anchoring energy is a more involved technique than observation of 
liquid crystal textures via polarization; therefore, we will focus on visual cues from 
birefringence and liquid crystalline textures to identify surface interactions.  To 
accomplish this, we must first create alignment layers that produce known liquid crystal 
textures.  These are formed by treating substrates with empirically developed 
techniques to impart the desired anchoring conditions: in this case, tilted polar 
alignment.   One common class of alignment mechanism is contact-based, i.e. rubbing.  
Rubbing is thought to either cause small grooves in a substrate’s surface, or to align 
surface molecules.14, 15  Self-assembled monolayers have also been shown to strongly 
influence liquid crystal alignment.11, 16-19   The attachment chemistries of monolayers 
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vary to interact with each particular type of substrate.  Gold, for example, utilizes thiol 
chemistry as an attachment mechanism.  Oxide surfaces (e.g. glass, fused silica, or 
silicon wafers) use silane chemistry.  Silane chemistry is used in this work; see Chapter 
5.1.1 for a more in-depth discussion of silane SAM formation.    
Many research groups have designed experiments to further understand the 
interactions between liquid crystals and alignment layers, including creating gradients,16, 
20 patterning, 21-25 and blended substrates.26, 27  Surface modification allows close 
observation and comparison of surface patterns to liquid crystal texture, thus providing 
insight into the mechanisms liquid crystal anchoring.  In the case of strong anchoring, 
liquid crystals closely mimic surface patterning.  Conversely, with weak anchoring, a 
homogenous liquid crystal pattern can form, effectively averaging out any irregularities.  
Transitional regions in an alignment layer provide insight into the elasticity of liquid 
crystals by comparing the transition of the substrate to the anchoring transition of the 
liquid crystal.  Subtle modifications in an alignment layer such as monolayer density,28-31 
blending,18, 32 irradiation,33,34 substrate corrugation,35 and oblique degradation33, 36 affect 
both polar and azimuthal anchoring.  When used to monitor surface changes, liquid 
crystals become an extremely sensitive probe of surface properties, even detecting 
surface features invisible to AFM, ellipsometry, and FTIR16, 37, 38.   
More detailed literature review reveals the extent of the ability of liquid crystal 
interactions to reveal subtle, molecular-level changes.  Ban and Kim demonstrated that 
a change in the length of polymeric side chains in an alignment layer affects the liquid 
crystal tilt angle (pretilt).  Additionally, they find that  the type, and even the extent of 
rubbing affects pretilt40.   Nakajima and Uekita explore the mechanism of alkyl chain 
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density and its effect on pretilt, and find that decreasing density of alkyl chains shifts 
anchoring to lower pretilt.46  Drawhorn and Abbot discovered that homogenous 
alkanethiol SAMs on gold induce planar alignment regardless of chain length; however, 
certain mixtures of chain length induce homeotropic alignment.17  The mechanism in 
this case was interpreted to be similar to the model for homeotropic alignment induced 
by DMOAP (N,N-dimethyl-n-octadecyl-3-aminopropyltri-methoxysilyl chloride) 
mononalyers.47  Similarly, Gupta and Abbot found that odd numbered alkyl chains 
impart azimuthal alignment orthogonal to the alignment caused by even numbered alkyl 
chains in alkanethiol SAMs.18  Crawford et al. also demonstrated that chain length of an 
aliphatic acid affects liquid crystal anchoring, bringing on a planar to homeotropic 
transition with increasing chain length.48  Seo confirmed the demonstration that rubbing 
technique affects tilt, more specifically  that contacting the surface not only affects liquid 
crystal orientation, but that the liquid crystal detects the pressure and number of 
brushing strokes.49   
Again, all of these studies demonstrate that the subtle differences in an 
alignment layer have are greatly magnified by liquid crystal alignment. The inherent 
elasticity of liquid crystalline materials dictates that even minute changes in an 
alignment layer propagate from the surface throughout the bulk.  This epitaxial transfer 
of surface alignment to the bulk effectively amplifies surface effects, creating 
macroscopically visible cues to molecular-level interactions.  This amplification, 
however, also creates the major problem associated with forming alignment layers.  The 
amplification of any surface irregularities leads to extremely low tolerance for any 
defects in an alignment layer.  Rubbing is an extremely high throughput method, and 
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thus suitable for production capacity of applications such as display technology.  It, 
however, also creates dust and static electricity, and both impart defects to the 
alignment layer.15, 39-45  Many of the noncontact methods mentioned above are being 
explored for alignment layer purposes to eliminate the defect formation associated with 
rubbing, while still creating strong, uniform liquid crystal alignment.  Alignment via self-
assembled alignment layers is a logical step for noncontact alignment of liquid crystal 
films. 
 While the previously described alkanethiol SAMs are dissimilar to the alkylsilane 
alignment layers used in this work, it is unlikely that the attachment mechanism has any 
major effect on liquid crystal interactions due to the monolayer thickness 50.  In this 
work, we explore the effect of alkyl chain length on polar and azimuthal liquid crystal 
anchoring.  Azimuthal anchoring is imparted by the rubbing technique. We have 
covalently attached alkyl silane monolayers to glass surfaces.  These were created with 
either discrete alkyl chain lengths (C1-C18), or a C18 (OTS, or 
octradecyltrietyhoxysilane) SAM was photolytically degraded in order to study short 
alkyl chains in an additional configuration.  We demonstrate that alkyl chain length is 
directly related to the polar pretilt of the liquid crystal, in addition to showing that the 
subtle changes from rubbing not only affect pretilt, but that rubbing can actually create 
pretilt.  See Chapter 5 for experimental details.   
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2.2 Results and discussion 
2.2.1 Polar anchoring dependence on monolayer thickness 
Figure 2.1 shows polarized microscope images of hybrid-aligned nematic (HAN) 
cells prepared using a photolytically-degraded OTS SAMs (Figure 2.1a), HAN cells 
prepared using un-degraded shorter SAMs of varying chain lengths (Figures 2.1b-g), 
and clean glass (Figure 2.1h).  Hybrid aligned cells have an un-degraded OTS SAM on 
one side, and either a degraded or discrete alkyl chain length SAM on the other.  For 
more details, see Chapter 5.1.  UV irradiation in the presence of oxygen gas generates 
short-lived oxygen containing radicals that degrade OTS SAMs by cleaving carbon-
carbon bonds16, 37, 38, 51, 52. Previous work suggests that it is the outermost C-C bond is 
preferentially cleaved, resulting in sequential shortening of each chain17,37, 53, 54.  Our 
group previously demonstrated via AFM that the degraded, gradient SAMs were 
laterally homogeneous over length scales probed by the AFM tip, i.e. ≥5 nm 16.  If a 
mechanism that cleaved a C-Si, Si-O, or O-C bond dominated, bare islands within the 
monolayers would have been observed.  Thus, it is reasonable to hypothesize that the 
gradient surfaces described above are characterized by a gradual decrease in average 
chain length, and that the polar anchoring transition is directly related to the variation in 
film thickness caused by the shortening chain lengths.   
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2.2.2 Homeotropic to planar transition 
As reported previously, a relatively abrupt transition from homeotropic anchoring 
to nearly planar polar anchoring is observed with increasing degradation along a 
gradient SAM.16,20  This appears in Figure 2.1a as a transition from optical extinction 
(black) on the left side of the sample to colors on the right associated with large 
birefringence (washed out greens and pinks).  The birefringence was estimated with 
comparison with the Michel-Levy diagram (Figure 1.9).  In order to verify the relationship 
between tilt and chain length, SAMs were deposited with discrete chain lengths of 1, 2, 
3, 4, 5, 6, 10, and 18.  Figure 2.1b-g demonstrates that similar to the irradiated SAMs 
behavior is observed as a function of chain length for shorter, un-degraded SAMs.  For 
chain lengths greater than five (Figure 2.1b,c), no light transmission is observed 
(extinction) as a result of homeotropic anchoring, while for shorter chains (Figure 2.1d-
g), the birefringence is consistent with tilted or planar anchoring.  One would expect that 
the birefringence colors would follow the patterns laid out by the Michel-Levy diagram55 
for Figure 2.1b-g, but that only holds true if all liquid crystal cells are the same 
thickness.  While each liquid crystal cell was controlled for thickness, there was 
substantial variation between sample cells (േ	5m).  Instead, for each individual cell we 
measure retardation and cell thickness, and use this information to calculate 
birefringence.  Observed interference colors are based on retardation rather than 
birefringence, explaining the deviation from the patterns observed in the Michel-Levy 
diagram.  Once birefringence was calculated, there was a clear relationship between 
pretilt angle and alkyl chain length, as birefringence is directly related to liquid crystal tilt 
angle (See Chapter 5.1.7).   
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2.2.3 Comparison of gradient and discrete self-assembled monolayers 
 In order to compare the gradient SAM and discrete SAMs directly, it is necessary 
to fine a common parameter, in this case, birefringence, as the alkyl chain lengths are 
not exactly known in the irradiated SAMs.  It is possible to collapse the measured 
birefringence data by plotting it against cos for both substrates(Figure 2.3).  As 
expected from the qualitative observations of birefringence, both types of alignment 
layers exhibit an abrupt birefringence transition (from homeotropic to tilted) as wettability 
increased.  However, when comparing discrete and degraded SAMs, there is a 
significant offset between the critical transition values of cos, suggesting that water and 
liquid crystal phase probe somewhat different chemical or structural surface properties. 
This is not surprising, given the vastly different chemical structures of water and 5CB 
(see Figure 1.7 for the structure of 5CB).  
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The C4 SAM is particularly interesting because it falls directly within the transitional 
region between homeotropic and tilted anchoring.  In Figure 2.3, the uncertainty of the 
birefringence for C4 samples is very large.   This uncertainly is calculated as the 
standard deviation of values measured for six independent samples.  The values for C4 
are evenly distributed within a large birefringence range.  This supports the hypothesis 
that the transition from homeotropic to tilted anchoring is extremely sensitive to sample 
variation, and that small effects can have a large impact on birefringence/pretilt.  This is 
consistent with the idea that the transition from homeotropic to planar is extremely 
abrupt, and a discontinuous transition.16  While all six samples were ostensibly prepared 
identically, there is large variation in birefringence. 
 The sensitivity of the transition of the C4 SAM is consistent with the birefringent 
transition of the gradient SAMs. Sample variation showed a slight lateral shift on the 
transition region of the irradiated samples.   While this variation can also be explained 
by slight variations in sample thicknesses (the individual thicknesses of samples were 
measured, cells with identical thicknesses were not feasible), it is also likely that sample 
to sample variation also contributed to the shift in the liquid crystal anchoring transition 
region.  
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2.2.4 Trimethylsiloxane (TMS) SAMs and birefringence 
The comparison to TMS substrates again confirms that liquid crystal anchoring is 
affected by more factors than simply wettability.  Though only one methyl group thick, 
and thus similar to the C1 monolayers, the TMS coated substrates were much more 
hydrophobic than the C1 monolayers, with ϕ ൌ 97° േ 2°, or cosϕ ൌ െ0.12 (Figure 2.3).  
The pretilt of C1 and TMS SAMs was similar, but the wettability of the C1 substrates is 
much higher than that of TMS.   The difference in wettability is presumably due to the 
increased lateral density of methyl groups within the monolayer.  While the alkylsilane 
SAMs contain a single alkyl chain, TMS consists of three methyl groups per molecule.  
In contrast to alkylsilane SAMS, TMS SAMs have an extremely low wettability, but still 
give a high birefringence (Figure 2.3).  This again indicates more affects liquid crystal 
alignment than simply surface wetting, and suggests that the thickness of the monolayer 
can come into play when predicting liquid crystal tilt. 
 
2.2.5  Wettability/Surface roughness of transition regions 
The anchoring behavior as a function of chain length for discrete SAMs is 
qualitatively consistent with the view that monolayer thickness is an approximate probe 
for liquid crystal pretilt.  In particular, the abrupt change from homeotropic to tilted 
anchoring for C4 and irradiated SAMs supports this conjecture.  In both cases, the 
anchoring transition is correlated with a change in the wettability of water.  This is 
supported by previous work by our group16 and others.57  However, the specific contact 
angles associated with the anchoring transition differ significantly: ~55˚ for gradient 
SAMs and ~85˚ for discrete SAMs.  This may be due to the fact that the dispersion in 
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chain length is expected to be significant for the degraded SAMs.  Assuming random 
photolytic cleavage of chains (Poisson statistics), the reduction of a C18 SAM by an 
average of 14 methylene units would result in a dispersion of ±3.7 units giving chain 
lengths of 4±4.  We speculate that this large variation in chain length at the molecular 
level leads to a significant reduction of the contact angle relative to the uniform discrete 
SAMs58-60. 
 
2.2.6 Depth sensitivity of wetting 
For discrete SAM substrates, the anchoring behavior as a function of chain 
length suggests that the influence of the underlying glass substrate on liquid crystal 
phase becomes influential when the barrier SAM is four methylene/methyl units thick.  
This particular thickness corresponds to the results of studies on the depth sensitivity of 
wetting.  Bain and Whitesides61  examined the contact angle of water and hexadecane 
on mercapto-ether monolayers on gold.  They found that if an oxygen atom was 
embedded more than four carbons deep in an alkyl chain, it no longer affected the 
contact angle of water at the surface of the monolayer and the contact angle 
approached that of alkanethiols on gold.   Hexadecane, which presumably only interacts 
with the monolayer via dispersion reactions, rather than hydrogen bonding with the 
embedded oxygen atom, is shown to be constant with varied depth of an oxygen atom.  
Thus, any effects due to wetting were shown to be the result of interactions with the 
outermost few angstroms of monolayers and the wetting substance (in our case liquid 
crystals) it is interacting with, indicating that substrate/liquid crystal interactions only 
occur below a critical monolayer thickness. 
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2.2.7 Azimuthal anchoring due to mechanical rubbing 
In situations where un-rubbed substrates induced tilted or planar anchoring, 
rubbing was found to cause strong azimuthal alignment along the rubbing direction.  For 
significantly longer or less degraded SAMs, rubbing had no noticeable effect.  Previous 
studies suggested, however, that even long-chain SAMs retain a memory of rubbing.  
Walba et al. demonstrated that rubbed OTS SAMs induced azimuthal alignment for a 
liquid crystal in the smectic C phase.62    The additional sensitivity to perturbations in the 
monolayer could be due to the inherent pretilt of the smectic C phase (see Figure 1.4).  
There is presumably an extremely low energy barrier for ordered azimuthal alignment 
as long as the polar pretilt conditions required by the smectic C phase are met.  
 We observe that rubbing has only a secondary effect with respect to polar 
anchoring, but that it creates azimuthal alignment effectively in the absence of 
homeotropic alignment.62 The degree of alkyl chain length degradations also directly 
affects the impact of mechanical rubbing.  For gradient surfaces, azimuthal alignment 
occurs only in the region of rapidly increasing birefringence (Figure 2.4 a,b), which is 
presumed to be chain lengths from 1-4.  Far to the left of the transition region, where the 
degradation is less, the homeotropic anchoring (presumably chain lengths 6 or longer) 
is not affected by rubbing, and optical extinction is observed regardless of sample 
orientation.  Similarly, far to the right of the transition region, rubbing has no effect, 
presumably because the surface is virtually bare of any alkyl chains that could impart 
bias from the rubbing due to extensive degradation.  Within the transition region, 
however, there is strong azimuthal alignment in the rubbing direction, thus we observed 
extinction in the rubbed region when the rubbing direction is aligned with the polarizer.  
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Because it has been demonstrated earlier in the text that contact angle measurements 
are not directly relatable between discrete and degraded SAMs, approximate chain 
lengths for degraded SAMs were determined based on birefringence.   
2.2.8 Rubbing creates polar alignment near transition region 
 The location of the transition from homeotropic to planar shifts slightly towards 
the left of a degraded sample, which is visible in Figure 2.4b.  This indicates that near 
the transition point, rubbing can induce tilted anchoring in a homeotropic domain.  For 
SAMs with slightly longer (or less degraded) alkyl chains, rubbing caused a 
transformation from homeotropic to aligned tilted anchoring.  This effect was subtle, 
however, and only observed very close to the transition.  This effect is more easily 
visualized in the discrete SAMs described below. In all of the samples in Figure 2.4, the 
upper half of the substrate was shielded from rubbing, while the bottom half of the 
substrate was rubbed to induce azimuthal alignment.  As with the gradient surface, 
when the chain length of discrete SAMs is large compared to the transition chain length, 
rubbing has no effect, e.g. C6 SAMs induce uniformly homeotropic anchoring 
regardless of rubbing (Figure 2.4 c,d).  Homeotropic anchoring was also observed for 
C10 and C16 SAMs.  However, for C5 SAMs, while un-rubbed regions induce 
homeotropic anchoring, rubbing results in weak birefringence.  C1 through C4 SAMs 
are all aligned by rubbing, while no effect is observed on the control substrate, glass.  
The lack of alignment on rubbed glass demonstrates that azimuthal alignment on SAMs 
is directly related to the effect of rubbing on a SAM, not an artifact (e.g. due to 
contamination from the brush).  While an attempt at quantitative measurement of 
birefringence increase was attempted for all chain lengths, all increases were within 
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experimental error for chain lengths 1-4.  Therefore, the visible birefringence increase 
associated with the transition from homeotropic to tilted anchoring (extinction to 
birefringent) was the only transition that could be reliably observed.   
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2.3 Conclusions 
 Both discrete and gradient monolayers exhibited an abrupt transition from 
homeotropic to tilted alignment, suggesting that the transition may correspond to a 
critical monolayer thickness.  Both types of monolayer showed a direct correlation 
between wettability and chain length/degradation; however, there was an offset in the 
critical contact angles for the transition between the two types of substrate.  This 
suggested that while wettability can provide a qualitative guide to the surface energy 
associated with liquid crystal anchoring, the liquid crystal actually responds to a subtly 
different surface property than is measured by contact angle.  One possible difference 
involves the surface heterogeneity caused by the statistical nature of photolytic 
degradation.  Mechanical rubbing was shown to induce azimuthal alignment only in the 
transition region of degraded SAMs and in chain lengths C5.  In most cases, therefore, 
azimuthal alignment only occurred on substrates where tilt was observed in the absence 
of rubbing.  However, for alignment layers very close to the transition, rubbing can 
induce tilt; the C5 SAM is a notable example.  Thus, it is apparent that liquid crystals 
prove to be an extremely sensitive surface probe.  They have been proven to react to 
azimuthal stimulus differently, depending on substrate alkyl chain length.  Polar tilt is 
also substantially affected by substrate chain length, likely due to long-range 
interactions between the liquid crystal and underlying substrate.   
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Chapter 3 
Liquid Crystal Response to Isolated DNA Helices 
 
 Nematic liquid crystals were exposed to glycidoxypropyltrimethoxysilane 
(GPTMS)  self-assembled monolayer (SAMs) decorated with extended DNA molecules.  
GPTMS is known for imparting negligible anchoring energy on liquid crystals.  Thus, it 
was hypothesized that inducing azimuthal alignment would cause a dramatic and long-
ranging transition from random to uniform azimuthal alignment.  Previous work indicated 
that DNA and other chiral molecules cause liquid crystal alignment at unique angles 
oblique to any extension direction.  When DNA was stretched to its full contour length, it 
was discovered that while single-stranded DNA aligned the liquid crystal in the 
extension direction, double-stranded DNA (dsDNA) caused alignment at an oblique 
angle, providing a characteristic response to the chiral dsDNA helix that was readily 
observed optically.  The intrinsic amplification due to liquid crystal orientational 
correlation enabled a macroscopic visible response to a single molecule of extended 
dsDNA. 
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3.1 Introduction 
Phenomena that provide extraordinary sensitivity are greatly prized for 
applications including medical diagnostics, food safety, environmental monitoring, and 
bio-security.  The apex of current medical technology is the plethora of diagnostic 
testing available for specific diseases. Significant potential for medical diagnostics exists 
in testing for proteins, genetic polymorphisms, and expressed genes to identify 
infectious diseases, cancers, and genetic disorders1-4.  With today’s technology, adults, 
children, and even embryos are routinely screened for genetic diseases.  Newborns are 
tested for hereditary disease such as sickle-cell anemia and cystic fibrosis.  Parents can 
even be screened prior to conception to determine the risk of passing such diseases on 
to offspring.  Women opt to be tested for the BRCA1 gene (the breast cancer gene).  
Adult onset disorders such as Huntington’s can be detected at any stage of life.  
Mapping the genetic material obtained from such tests  has allowed scientists to 
pinpoint genes related to sudden infant death syndrome, neonatal diabetes, and bipolar 
disorder5.  Often, these tests distinguish a mutation of only a single base pair, or a 
single nucleotide polymorphism (SNP). The ability to detect genomic variation with such 
precision allows applications such as forensics DNA analysis and evaluation of specific 
mutations as they relate to cancer prognosis and diagnosis.  Two major categories 
currently exist for high sensitivity detection of biological molecules such as DNA and 
protein:  (1) expensive and sophisticated laboratory instrumentation is used to detect 
low concentrations of target molecules, and (2) serial methods that amplify target 
molecules before measurement and detection.    
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3.1.1  Biosensing approaches 
Biosensing devices use “capture molecules” to bind specific target molecules; in 
the case of DNA, we exploit the specific affinity of complementary DNA sequences for 
use as a capture sequence. Capture is followed by a “transduction” step, where the 
presence of the targeted molecule is converted into a measurable output signal.  In the 
case of DNA, transduction discriminates between double-stranded (dsDNA) and single-
stranded DNA (ssDNA), thereby identifying any captured molecules.  Specifically, the 
basis for DNA identification involves synthesizing6 the complement to a sequence of 
interest coupled with conditions designed to eliminate partially hybridized DNA pairs 
(high stringency conditions).  The transduction step then identifies hybridized DNA 
molecules, effectively identifying any sequence.   
The complementarity of DNA is so exact that the energetic difference between a 
perfect match and even a single nucleotide mismatch (single nucleotide polymorphism, 
or SNP) is detectable7.  Stringency, or the conditions that favor hybridization, can be 
adjusted so that only perfectly matched strands will remain hybridized (high stringency).  
These conditions are affected by temperature, salt concentration, and pH8.  Once 
hybridized under the proper stringency conditions, DNA sequences must then be 
identified via a transduction step.  In most current approaches, transduction uses 
fluorescently labeled DNA to discriminate between dsDNA and ssDNA9.  Keeping with 
convention, probe DNA is the sequence known to the experimenter.   In a microarray 
format, these would be covalently attached to a surface.  Target sequences are the 
unknown sequences to be identified.  In fluorescent assays, these are labeled with a 
fluorophore to determine target location.    
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methods to differentiate between ssDNA and dsDNA without any chemical molecular 
modification steps such as fluorescent labeling. 
 
3.1.2 Multiplexed current DNA technology 
Owing to the vast scale of the human genome, it is advantageous to test multiple 
DNA sequences at once. Multiplexed devices allow this.  Given the size of the genome, 
this is obviously a much more practical approach for increasing the throughput of 
genetic testing.  While microarrays are not yet approved for many diagnostic purposes, 
rapid genotyping has the potential revolutionize patient care.  Currently, it is possible to 
compare gene expression in normal and cancerous cells, thus relating specific 
genotypes to presented disease states.  Genomic evaluation allows correlations to be 
drawn between patient genotype and treatment response, allowing for more effective 
practice of medicine11.  It is also a gateway to personalized medicine, as target DNA or 
RNA can be obtained directly from a patient, and then used to determine an ideal 
course of treatment4.  Because of the ability to screen for SNPs, alleles and gene 
expressions that indicate disease states and carrier states are readily identifiable.  Like 
simplex devices, multiplexed systems are also based exploiting the complementarity of 
DNA, and rely on the specific interactions between probe and target DNA sequences. 
Multiple sequences of probe DNA are bound to a DNA chip, where thousands of 
individual oligomers can be tested against a single sample of patient DNA. With 
appropriate design, it is possible to obtain quantitative levels of gene expression 
(expression profiling) 1, 12-14.    
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In a typical fluorescent device, molecules are fluorescently labeled, and are then 
detected at very low concentrations using photon-counting devices. Various 
technologies have been developed to screen and identify DNA sequences.  GeneChip 
technology from Affymatrix allows genotyping of SNPs on a genome-wide scale15.   An 
extraordinarily sensitive device from Agilent utilizes a scanner capable of detecting 0.05 
chromophores per square micron (cpsm)16.   Fluorescent systems other than 
microplate-based readers also lend themselves to multiplexing.   The Beadarray system 
from Illumina decorates individual beads with multiple oligonucleotides.  Each bead is 
distributed into an array before scanning, where it is then identified via holographic label 
concurrently with fluorescent probe detection. The Luminex xMAP systems are 
especially ingenious at multiplexing.  Labeled bead systems are again construed so that 
each bead tests for a different target.  Rather than arrangement in an array, however, 
flow cytometry is used to individually identify each bead and read out the results for 
analyte detection.  This allows multiplexing without having to establish separate 
workflows for each sample.  The sheer allowable number of beads, along with the 
sorting mechanism based on flow cytometry makes this system ideal for multiplexing17 
18.  Sequencing can also be applied to detect the presence of  target molecules19.   
Unsurprisingly, sequencing is primarily a simplex method.    
 
3.1.3 Current simplex DNA technology 
Simplex methods such as polymerase chain reaction (PCR) and sequencing are 
also employed for target DNA detection.  In PCR, extremely low copy numbers of a 
specific sequence can be amplified in a single experiment.  With selection of the proper 
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primers, if the target sequence is not present, it will not be amplified to the minimum 
detection level, turning PCR into an effective sensing mechanism as well.  When 
detection of low copy number is important, real-time, or quantitative PCR (qPCR) is 
used to amplify the sequence of interest.  Multi-primer PCR can be used to amplify 
several sequences at once, but this is not true multiplexing, as the number of parallel 
sequences quickly reaches an upper limit of 5 targets per tube10.  Sequencing can also 
be applied to detect the presence of a target molecule19.   Luminex is also known for 
sequencing, though understandably, the multiplexing for this method is much more 
limited (<10 sequences).  Unsurprisingly, sequencing is primarily a simplex method18.    
Microscopy methods such as electron microscopy 20 or scanning probe 
microscopy 21 can also provide images of molecules with nanometer-scale resolution. 
Understandably, these approaches are best used at the bench-scale rather than with 
large-scale genetic testing.  Yet another approach involves biochemical amplification 
methods.  Immunoassays such as ELISA amplify specific interactions by exploiting 
specific binding to attach a labeled indicator molecule, usually fluorescent.  Biochemical 
amplification is already effective; our work is designed to eliminate the need for 
amplification and labeling completely.  In doing so, we will speed workflow, as well as 
eliminate the need for expensive labeling reagents.   
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3.1.4 Gap in current technology 
While the previously mentioned technologies are effective at identifying DNA 
sequences, these technologies fall short with small-scale cost efficacy.  The economy of 
scale of detecting hundreds of thousands of sequences at once makes the per oligomer 
test minimal.   If testing for a single SNP, or sequence, however, the cost of target 
labeling, probe synthesis, and instrumentation can easily become cost prohibitive.  
Many applications also do not require the specificity and precision of detecting 
expression levels:  a positive or negative test result would suffice.   By elimination of the 
labeling, as well as fluorescent detection equipment that can easily cost upwards of 
$300,00022, we can expand the reach of genetic testing.  We will use the extreme 
sensitivity of liquid crystals, (see Chapter 1.2.3) to differentiate double and single 
stranded DNA, thus providing the basis of a technology that could be used to create a 
test to indicate the presence of hybridized DNA.  This can act as a positive response for 
a disease state, while greatly reducing cost for a simplex test.   This approach also 
lends itself to multiplexing.  Our approach exhibits the necessary sensitivity to develop 
liquid crystal based DNA microarrays that can potentially be used without chemical 
amplification or expensive detection mechanisms in point-of-use applications.   
 
3.1.5 Liquid crystalline response to DNA molecules 
Previous examples of liquid crystals sensing biological molecules are plentiful in 
literature23-26.  Liquid crystals have proven capable of responding to the presence of 
protein binding 27-29, nucleic acids 26, 30, and lipids 31, 32, providing a direct optical 
response without the need for chemical labeling.  Our objective is to exploit liquid crystal 
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anchoring, as it exhibits extremely high sensitivity to intermolecular interactions.  These 
approaches, however, are designed to observe changes in polar anchoring, generally a 
shift from homeotropic to tilted anchoring.  One fundamental flaw with this approach is 
large elastic penalty for locally shifting a homeotropic to tilted alignment.  If anchoring 
energy is high (Chapter 1.1.8), the extrapolation length of any effect due to DNA will be 
very small, and thus undetectable. DNA/liquid crystal anchoring would need to be 
incredibly strong to overcoming the energy due to homeotropic anchoring.   In effect, 
due to the elasticity of liquid crystals, the overwhelming effect of a homeotropic 
anchoring disallows deviation from homeotropic anchoring, rending any surface 
changes indistinguishable, and the entire system would remain homeotropic  rather than 
visualization of small regions affected by DNA. Studying azimuthal alignment in a 
surface passivated system, however, eliminates this problem; therefore we propose 
using glycidoxypropyltrimethoxysilane (also referred to GPTMS, GOPS, or GLYMO in 
literature).  It has been previously shown to passivate the alignment layer, i.e. it imparts 
negligible azimuthal anchoring energy for several days.  Negligible anchoring energy 
gives rise to essentially infinite extrapolation lengths, thus eliminating the energetic 
barriers to long-range ordering effects from liquid crystalline domain disruption.  This 
propensity for long-range interactions is what gives a liquid crystal sensor system its 
extreme potential: a single molecule’s worth of disruption can act as a catalyst to order 
an entire macroscopic network of molecules, thus giving a visual clue of surface 
interactions.   
Instead or polar anchoring, as in literature, we will focus on an azimuthal 
mechanism for biomolecular detection.  In this work, we report a unique technique that 
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requires neither sophisticated instrumentation nor chemical amplification to directly 
recognize dsDNA with single-molecule sensitivity. This extraordinary sensitivity is due to 
two characteristics of liquid crystals : (1) the responsiveness of liquid crystal molecules 
to subtle local structural features, such as the chirality of the dsDNA double helix, and 
(2) collective liquid crystal phenomena leading to long-range orientational order in the 
nematic phase; the latter results in a natural physical amplification effect where, in this 
case, the orientation of >1014 liquid crystal molecules can be controlled by the presence 
of a single dsDNA helix.   
3.2 Results and Discussion 
3.2.1 GPTMS alignment layer 
 Our approach requires an underlying surface layer that imparts a negligible bias 
to liquid crystal orientation, so that it will respond to even a minimal symmetry-breaking 
stimulus.  Satisfying this requirement, we use a glycidoxypropyltrimethoxysilane 
(GPTMS) self-assembled monolayer (SAM)33, 34.   GPTMS surface coatings are known 
for their unique properties as liquid crystal alignment layers.  They have already been 
shown to induce degenerate (random) planar liquid crystal anchoring with drop-cast 
films.35  Instead of a drop-cast film, we use self-assembled monolayers in order to 
increase layer uniformity.  The method of applying the film, however, does not affect 
GPTMS/liquid crystal interactions.  GPTMS SAMs also induce planar anchoring. 
 While it is common for many alignment layers to induce degenerate planar 
alignment,36, 37  GPTMS is unique in that it can maintain degenerate alignment over a 
time span of several days.  35, 38 39,40, 41,42-44  This implies that it can maintain degenerate 
azimuthal alignment without a surface memory effect (i.e negligible anchoring energy).  
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When there is a surface memory effect, the initial anchoring energy is zero, and liquid 
crystal molecules quickly and irreversibly adsorb to the alignment layer.  These 
adsorbed orientations become essentially locked in, thus creating an easy axis and by 
extension, an anchoring energy.  GPTMS passivates the surface by disallowing 
adsorption, therefore maintaining negligible anchoring energy over the course of our 
experiments.   
Figures 3.2a and 3.2d show the nematic Schlieren texture that is characteristic of 
degenerate planar anchoring. While the fine details of this texture depend on the 
relative orientation of the sample and the polarizer, there is no overall anisotropy of the 
texture or intensity. We observed this type of degenerate planar texture even on 
samples that had been dipped in buffer solution to mimic the combing of DNA. This 
control experiment demonstrated that any residue due to removal from buffer solution 
was insufficient to cause a liquid crystal orientation45, and inadequate to disrupt the 
degenerate azimuthal alignment.  The fact that the GPTMS surfaces were sufficiently 
hydrophobic to emerge dry from the buffer may have been an important factor in 
minimizing this type of contamination.   
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angle of 30˚.  Although azimuthal liquid crystal alignment using ssDNA has not been 
explicitly demonstrated previously, alignment in the extension direction is expected due 
to the presence of topographic anisotropy breaking the orientational symmetry 48.  In 
fact, it is common to prepare surfaces for liquid crystal alignment by rubbing or brushing 
polymer surfaces to create this sort of anisotropy 49.   
 Remarkably, GPTMS surfaces decorated with extended dsDNA exhibited liquid 
crystal alignment at a characteristic oblique angle with respect to the combing direction; 
the chirality of this phenomenon suggests that it is in response to the dsDNA double 
helix.  Figures 3.2c and 3.2f show high light transmission when the extension direction 
is aligned with the polarizer and extinction (low transmission) when the sample is 
rotated by 30˚, again demonstrating that this angle is related to the helical structure of 
dsDNA.  The chirality of surface objects, in this case DNA, induces a chiral rotation in a 
non-chiral liquid crystal. 45, 50   Other groups produce similar results; for example, the 
Rosenblatt group has shown that liquid crystals align uniquely on chiral surface patterns 
etched with an AFM stylus.51, 52 53 Xanthan gum, another chiral molecule, was 
separately reported to  align liquid crystals at a characteristic angle of 15˚ from the 
presumed extension direction54.  
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3.2.3 Determination of Alignment Angle 
 In order to determine the liquid crystal alignment angle more accurately, the 
transmitted optical intensity was measured as a function of the angle between the 
dipping/extension direction and the analyzer direction as defined in Figure 3.3c.  Figure 
3.3 shows representative data for liquid crystal cells aligned by ssDNA (Figure 3.3a) 
and dsDNA (Figure 3.3b) respectively.  In the absence of DNA, there is no systematic 
variation of intensity as a function of angle.  In the case of ssDNA (Figure 3.3a), the 
intensity minimum is at an angle near 0˚ (with some sample-to-sample variation), 
suggesting that the nematic director is in the DNA extension direction as shown 
schematically in Figure 3.3d.  For dsDNA (Figure 3.3b), the intensity minimum is at an 
angle of ~30˚, suggesting that the liquid crystal director is rotated by ~–30˚ with respect 
to the DNA extension direction as shown schematically in Figure 3.3e.  In fact, intensity 
minima occur every 90˚, when the liquid crystal director is aligned with either the 
polarizer or the analyzer; however, a quartz wedge compensator was used to determine 
that liquid crystal alignment was in the directions described above, and not offset by 
±90˚.   
3.2.4  Effect of liquid crystal molecular properties 
Interestingly, the alignment angles for two different liquid crystal materials, 5CB 
and MBBA, were equal within experimental error, despite the fact that the two have 
distinctly different molecular structures (Figure 1.7) and electrostatic properties.  In 
particular, 5CB is highly polar, while MBBA has a negligible dipole moment.55-57 
Because of the two molecules align identically within error, despite the different 
polarities, these results suggest that the alignment of nematic liquid crystals by dsDNA 
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may be a general effect due to steric molecular interactions with the detailed topography 
of individual dsDNA molecules, e.g. the major and/or minor grooves.  This is in distinct 
contrast with previous experiments using sheared dsDNA gels as alignment layers by 
Nakata et al.  They observed an angular offset between the shearing direction and liquid 
crystal alignment; however, In the case of the sheared gels, the alignment direction of 
5CB and MBBA was dramatically different, and the authors concluded that the effect 
was due to electrostatic interactions between DNA and liquid crystal molecules.25 This 
suggests that the molecular-level mechanism of liquid crystal alignment by isolated DNA 
molecules may be fundamentally different than alignment by the surface of dense DNA 
gels.  In particular, in the case of isolated DNA molecules, the liquid crystal molecules 
can interact intimately with many parts of the DNA helix that may not be accessible 
when DNA molecules are organized into close-packed arrays such as in an aligned gel. 
 
3.2.5 Visualized densely packed double-stranded DNA molecules 
Figure 3.4 shows a fluorescence image of labeled lambda DNA along with a 
graph of the optical transmission as a function of sample orientation for the same field of 
view.  Lambda DNA was deliberately chosen because the extremely long molecules 
enable clear observation and measurement of both the DNA extension efficiency as well 
as extension direction.  However, efficient combing of extremely long DNA presents 
significant challenges, and we generally observed that most regions exhibited a mixture 
of well-combed molecules and other molecules that were clumped or entangled as 
shown in Figure 3.4a.  These clumps and entanglements are presumably due to 
multiple attachment points of the DNA during incubation, but before extension.  It is 
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 We found significant scatter from sample to sample in the liquid crystal 
orientation for both 5CB (–33˚±6˚) and MBBA (–28˚±12˚); these uncertainties are 
significantly larger than error associated with our ability to reproducibly measure the 
relative alignment angle between DNA and liquid crystal, which we estimate at ±3˚.  It is 
not clear at this point whether this scatter is due to small variations in local DNA 
orientation or to DNA overstretching that could lead to subtle changes in the direction of 
DNA grooves with respect to the extension direction. The experimental uncertainty of 
the alignment angle caused by ssDNA had a somewhat different origin. Since we were 
unable to directly determine the exact alignment direction of individual ssDNA strands, 
the alignment angle was determined only by comparing macroscopic images to the 
nominal combing angle. Additionally, the inability to center the axis of rotation perfectly 
with the field of view affected the measured intensities, and thus the positions of the 
minima.  This led to the relatively large uncertainties (±10˚) in the azimuthal alignment 
associated with ssDNA.  
 
3.2.6 Visualized isolated dsDNA molecules 
The angle or extent of liquid alignment was not significantly influenced by the 
identity of the liquid crystal material, the source of the DNA, or most importantly, the 
amount of DNA present.  These variations are all illustrated in Figure 3.5. Figures 3.5a 
and 3.5c show fluorescence images for fields of view containing ~80 and ~40 molecules 
of calf thymus (~15,000 bp) and lambda dsDNA respectively. Figures 3.5b and 3.5d 
show the corresponding optical intensity versus sample orientation through crossed 
polarizers for liquid  cells made with 5CB (Fig. 3.5b) and MBBA (Fig. 3.5d) respectively.  
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Fundamentally, this is due to the fact that the liquid crystal response is due to a 
broken rotational symmetry, so that even a small anisotropy results in a well-correlated 
macroscopic response.  However, this also means that the liquid crystal response 
requires the presence of significant surface anisotropy due to well-combed dsDNA, so 
regions of poorly-combed dsDNA result in weak liquid crystal alignment in random 
directions.  This direct visual correlation of DNA extension efficiency and liquid crystal 
alignment confirms that the liquid crystal alignment is in fact caused by the presence of 
extended dsDNA and not another factor. 
3.2.7 Macroscopic optical response of liquid crystal 
Since the bare GPTMS surface provides such a small effect on liquid crystal 
orientation, in principle even a tiny amount of anisotropy will result in macroscopic 
alignment.  We tested this by preparing surfaces with extraordinarily low surface 
densities of combed dsDNA, including examples where only a single dsDNA molecule 
appeared in a given 137µm x 137µm field of view (a DNA fractional surface coverage of 
only 10–6), as shown in Figure 3.6a. A strong macroscopic response was always 
observed as long as the dsDNA was well-aligned (Figure 3.6b).  In fact, the optical 
response was nearly as strong for one molecule (Figure 3.6b) as for 400 molecules 
(Figure 3.4b).  The polarized optical micrographs shown in Figures 3.6c and 3.6d 
demonstrate that the azimuthal alignment was uniform over ~50 m, a reasonable 
expectation of extrapolation length.   Overall, the entire field of view was aligned 
sufficiently that >1014 liquid crystal molecules responded to the presence of the single 
dsDNA molecule.  
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3.2.8 Effect of anchoring energy on optical response 
The macroscopic response associated with only a single DNA molecule is likely 
due to the ability of GPTMS to passivate liquid crystal/surface interactions, resulting in a 
very small azimuthal anchoring energy associated with the GPTMS “background” 35, 38.  
In fact, in a hypothetical limiting case of zero azimuthal anchoring energy, an “easy 
cone” rather than an easy axis for alignment is present, meaning that there is no 
energetic penalty for the liquid crystal to reorient along any particular azimuthal 
direction.  This implies that upon decoration of a GPTMS surface with DNA, the liquid 
crystal alignment induced by extended DNA molecules propagates throughout the liquid 
crystal cell with no energetic penalty, thus allowing for the large amplification of signal 
seen in Figures 3.2, 3.4, and 3.5.  In practice, there is a small, but still non-zero value of 
the azimuthal anchoring strength on GPTMS surfaces leads to textures with a 
characteristic length scale given by a quantity known as the extrapolation length, L= 
K/W, where K is  the twist elastic constant of the liquid crystal and W is the azimuthal 
anchoring energy58. The sizes of correlated domains in Figures 3.2, 3.4, and 3.6 
suggest an effective extrapolation length in the range of 50–100 µm, consistent with an 
anchoring energy of ~10–8 J/m2.  Interestingly, the size of the correlated domains in the 
liquid crystal/DNA samples suggests that the area of influence of a given DNA molecule 
should also be limited to an area associated with L~50 µm, consistent with what is 
observed in Figure 3.6.   
The observed anchoring energy is consistent with previous observed values for 
spin-cast GPTMS films, in which films with thicknesses over 20 Å essentially eliminated 
anchoring energy, and in contrast with the strong azimuthal anchoring of 5CB on glass 
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(W~10–5 J/m2). 35, 38, 59  The lowest anchoring energy recorded is 3 ∙ 10ିଵ଴ J mଶ⁄ , 
however this is conical, not planar anchoring. Additionally, this passivation layer is 
swollen by the liquid crystal, so rather than avoiding liquid crystal interactions, this 
system depends on liquid crystal/substrate interactions.60   
3.2.9 Statistical discussion of observations 
As mentioned briefly above, the consistency of the oblique liquid crystal 
alignment was directly related to the quality and quantity of the combed dsDNA. For 
samples where the surface concentration of dsDNA was such that the average 
molecular separation was much smaller than the extrapolation length, the liquid crystal 
alignment was extremely reproducible and uniform, e.g. for surfaces with more than 100 
of aligned molecules in the field of view, 5CB was aligned at an oblique angle with a 
value of 32º ± 4 º.  However, for samples with very low surface concentrations of 
dsDNA, where the average molecular separation was on the same order of magnitude 
as the liquid crystal extrapolation length, there was greater angular uncertainty and less 
consistent results. In large part, this was due to the difficulty in achieving consistent 
dsDNA extension at very low surface coverage.  We often observed clumped and/or 
coiled dsDNA molecules coexisting with well-combed molecules; presumably the 
clumping is due to the formation of multiple surface-attachment sites during the combing 
process.  Understandably, these surfaces with a large fraction of clumped dsDNA 
typically gave non-uniform and/or weak liquid crystal alignment.  However, even for 
regions where the separation between dsDNA molecules was very large (Figure 3.5c or 
3.6a), when the molecules were reasonably well-aligned, the liquid crystal alignment 
was also consistent.  Specifically, of the 5 samples with low dsDNA surface density (few 
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than 20 extended molecules) where over 50% of the dsDNA molecules were observed 
to be well-combed, 100% of these samples exhibited oblique liquid crystal alignment in 
the angular range 23˚–43˚. 
3.3 Conclusions 
The distinctive chiral liquid crystal alignment oblique to the extension direction for 
dsDNA provides a direct signature of hybridization, which could potentially be used as a 
new type of DNA sensor/microarray.  Because the extent of azimuthal alignment does 
not appear to depend on the surface concentration, but rather on the percentage of 
extended DNA, optimization of the extension conditions will lead to extreme sensitivity, 
with the possibility of routine single molecule detection. In addition to combing, other 
strategies for DNA extension, including microfluidic flow 61 magnetic bead attachment 62, 
and electrophoretic extension63, 64, may lead to the desired improvement in extension 
efficiency. 
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Chapter 4 
 
Lyotropic Linactant Self-Assembly in Two Dimensions 
 
 We observed phenomena within two-component Langmuir monolayers that are 
analogous to surfactant self-assembly in three-dimensional solutions.  A partially-
fluorinated phosphonic fatty acid, previously shown to be line-active, played the role of 
two-dimensional (2D) surfactant (linactant) and a perfluorinated fatty acid acted as the 
2D solvent. Langmuir-Blodgett monolayers were prepared from mixtures of these 
compounds and examined using atomic force microscopy.  Above a critical linactant 
mole fraction of ~0.02, distinctive monodisperse structural features were observed with 
a characteristic diameter of ~30 nm, and an apparent height of 1.4 nm above the 
background.  As the linactant concentration was further increased, the number density 
of these features increased, while the feature size remained the same.  These 
observations suggested that the features corresponded to self-limiting clusters 
composed of linactant molecules, and that the dispersed clusters represented a 2D 
micellar phase.  Above a linactant mole fraction of 0.63, the clusters organized into a 
local hexagonal structure with short-range positional order indicative of a liquid 
crystalline phase; the correlation length increased systematically with increasing 
linactant concentration.   
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4.1 Introduction 
4.1.1  Phases at the interface 
Again, the three most common phases of matter are gases, liquids, and solids.  A 
lesser known phase is liquid crystals, a mesophase that exists between the liquid and 
solid phases.  Unsurprisingly, it is a hybrid with both liquid and crystalline properties.  
Liquid crystals possess long range orientational order, but also maintain the ability to 
flow like a liquid.  Liquid crystals are classified as a three-dimensional bulk phase.  
Phenomenon in the bulk phase are well understood, but phase behavior at the interface 
is can lead to additional interesting properties.1   The transition between compositions 
and properties of two distinct phases leads to unique conditions present in the bulk of 
neither.2, 3  The boundary between gases and liquids, e.g. the air/water interface, is of 
particular interest.  Certain classes of molecules partition to the interface, generally to 
minimize free energy due to distinct molecular moieties.  These are called surfactants, 
short for surface active agent (see Figure 1.5).  Surfactants act as a unique probe by 
specifically interacting at the interface nearly exclusively, making them particularly 
useful for probing interfacial conditions.   
 
4.1.2  Monolayers 
Monolayers are defined as a collection of molecules a single molecule thick.  
One method of formation occurs when surfactants partition to the interface.  The energy 
minimization inherent to the partitioning imparts molecular order as well.   At the air-
water interface, for example, the hydrophilic headgroup is in the aqueous phase, while 
the hydrophobic tail group orients itself into the air, causing the orientations of all the 
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 Monolayers themselves are not a homogenous category (see Figure 4.2).  
Differing surfactant solubility results in two distinct categories of monolayers.  Soluble 
surfactants form Gibbs monolayers, in which surfactants solvated in the bulk solution 
are at equilibrium with the molecules that partition to the interface.  Insoluble surfactants 
form Langmuir monolayers.  Rather than a monolayer spontaneously forming from a 
bulk surfactant solution, Langmuir monolayers must be deposited directly at the 
interface.  This is done by dissolving the surfactant in an incompatible solvent, placing 
this solvent at the interface dropwise, and then allowing the solvent containing the 
surfactant to evaporate. For this class of molecules, solubility is so low that deposited 
molecules remain on the surface in a long-term metastable state, remaining essentially 
static throughout the timeframe of an experiment (typically several hours).   
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hydrogenated) for a fluorinated one.   Fluorinated molecules are lipophobic, i.e. they are 
insoluble with hydrogenated phases.  In addition to lipophobicity, fluorinated molecules 
are extremely hydrophobic.  In fact, they are even less soluble in aqueous media than 
their hydrogenated counterparts.  The incompatibility of fluorinated molecules, along 
with an attached hydrophilic moiety, renders them surface active, creating fluorinated 
surfactants.  Langmuir monolayers formed by fluorinated surfactants are even more 
stable than monolayer formed by hydrogenated amphiphilic molecules due to the 
increased hydrophobicity of fluorinated surfactants.    
 
4.1.4 Self-Assembly 
It is unsurprising that surfactant composition so profoundly affects solubility.   In a 
polar solvent, as the polarity of a hydrophilic headgroup increases, the molecule 
becomes increasingly soluble.  Conversely, as the tail group becomes increasingly 
nonpolar, solubility decreases.  Even seemingly small changes such as surfactant tail 
length are more than enough to affect solubility and self-assembly.  Incompatibility with 
solvent encourages self-assembly of the surfactant molecules to minimize unfavorable 
intermolecular interactions.  3D self-assembly begins at the critical micellar 
concentration (CMC).  Surfactants aggregate spontaneously above this concentration, 
and form micelles and vesicles to minimize their free energy (see Figure 4.4), 
sequestering hydrophobic moieties to the interior of an aggregate to minimize 
unfavorable interactions.  The specific structure of the aggregate varies based on the 
shape and properties of each surfactant.  When the headgroup of the amphiphile is 
strong compared to the hydrophobic part, micelles form.  When the headgroup is 
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This formulation provides an accurate description of the aggregations process, and 
suggests an approximate value of the CMC.  
 CMC ൎ ሺNKሻିଵ ୬ൗ   (eq 4.2) 
 At even higher concentrations, the micelles themselves may begin to form lyotropic 
liquid crystals, or the surfactants themselves may adopt long range order such as a 
lamellar phase (see Chapter 1.1.3 for more discussion of lyotropic liquid crystals).   
 
4.1.5 Interfacial properties 
Micelle and vesicle formation, however, are bulk phenomenon.  Rather than 
studying bulk surfactant properties such as micelles and vesicles, we restrict our self-
assembly studies to the interfacial layer.   New terminology must be introduced in order 
to thoroughly describe the thermodynamic parameters used to control interfacial 
phenomena.  Parameters such as temperature and pressure are familiar, but the 
properties measured in 2D monolayers such as surface pressure and molecular area 
are less so.  Surfactants are well-known to affect surface tension (see Chapter 5.1.8).  
Surface pressure tracks the differential between the surface tension of the pure liquid 
and the film-covered liquid.  It is defined as follows: 
(Π ൌ ߛ଴ െ ߛ) (eq 4.3), 
where  is surface pressure,  is the surface tension of the pure liquid, and  is the 
surface tension of the liquid with a monolayer applied.   
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Surface pressure, along with the molecular area, quantifies the intermolecular 
forces within the monolayer.  Molecular area, also referred to as area per molecule, is 
defined as the film area divided by the total number of molecules.  It is calculated using 
the expression 
ܽ ൌ ஺ெ஼ேಲ௏  (eq 4.4), 
 where a is the area/molecule, A is the film area, M is the molecular weight of the 
monolayer material, C is the concentration of the spreading solutions in units of 
mass/volume, Na is Avogadro’s number, and V is the volume of the deposited solution. 
Molecular area greatly influences the behavior of the monolayer, and is controlled by 
varying the density of the molecules during an experiment in a specially designed 
apparatus, the Langmuir trough.   
 
4.1.6 Langmuir trough  
In a Langmuir trough, monolayers are deposited between specially designed 
movable barriers (see Figure 4.5).   Modern troughs have a computerized feedback 
mechanism that allows control of barrier speed, surface pressure, and compression 
area. The computer also provides constant monitoring of surface pressure.  The trough 
is generally made of Teflon or similar fluoropolymer to ensure that the trough itself is 
inert. This also allows for thorough cleaning, as the presence of any surface active 
molecule, e.g. oils or detergents, will contribute to significant error in surface pressure 
measurements.   
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4.1.7  Langmuir-Blodgett transfer  
 
To more closely examine monolayers, they can be transferred to a solid support 
so that additional characterization techniques such as atomic force microscopy (AFM) 
may be used7-9.  If a Langmuir trough is designed for Langmuir-Blodgett transfer, a well 
is included in the design to accommodate the transfer substrate (Figure 4.6).  The 
feedback-controlled barriers are then used to hold surface pressure steady during 
transfer, which minimizes transfer effects due to monolayer depletion, as removing a 
portion of the monolayer obviously reduces surface concentration/pressure.  Langmuir-
Blodgett transfer can even be repeated as a means to build up a controlled multilayer.  
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4.1.8  Monolayer phases  
Mobile trough barriers allow explicit, user-designed control of thermodynamic 
parameters. Increased monolayer compression (reduced molecular area) leads to 
varying phase behaviors within the monolayer.  Just as in three dimensional materials, 
monolayers also exist in distinct phases. As one can imagine, gaseous, liquid-
expanded, and condensed phases represent increasing levels of monolayer 
compression.  In the “gaseous” phase, the molecules are dispersed, and the area per 
molecule is much larger than the dimensions of an individual molecule.  Because few 
intermolecular interactions exist within the monolayer, this phase is considered 
analogous to the 3D gaseous phase.  Typical molecular areas are 4 nm2 or greater.  
Upon further compression, the gaseous phase transitions to the liquid-expanded phase.  
In this phase, the area per molecule is much less than that of the gaseous phase, but 
still significantly greater than what would be expected of a cylindrical fatty acid 
molecule. The liquid-expanded phase is often labeled as ܮଵ .  Typical molecular areas 
range from approximately 0.4-2 nm2.    Further compression results in the condensed 
phase, where molecules become well-ordered.  Within the condensed phases, there are 
several naming anachronisms related to historical studies of LB films.  Condensed 
phases include the ܮଶ ,  ܮଶᇱ  (liquid condensed), LS (superliquid), S (solid), and CS 
(close-packed solid).  These names represent historical assumptions that these states 
were liquid-like, though we now know that these phases exhibit distinct x-ray diffraction 
peaks, thus establishing solid-like molecular order.  Condensed phases tend to exist 
from approximately 0.3-0.4 nm2.  Further compression leads to collapse, where material 
is forced out of the monolayer.10-13   
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4.1.9 Langmuir film applications 
 Monolayers and multilayer films resemble naturally occurring biological membranes 
which are comprised of phospholipids, an additional class of surfactant.  Specifically, 
bilayers are used as stand-ins for cellular membrane studies; by adjusting composition, 
specific behaviors can be tailored.14  It is possible to model the distinct domains that 
form within cell membranes, which often facilitate ion transport.  Langmuir monolayers 
have been employed extensively as model systems for studies of thermodynamics and 
phase-transitions in two-dimensional biological systems including lipid rafts,15 cell 
membranes,15, 16 pulmonary surfactants,16, 17 , 18 19  sensors,20-22 and biomimetic 
applications.13, 22, 23   Langmuir-Blodgett transfer permits creation of supported 
membranes for biomimetic studies, and allows additional characterization methods that 
are not feasible at the gas/liquid interface such as AFM.   
 
4.1.10  Linactants 
Rather than study the well-known phenomena of surfactants forming liquid 
crystalline mesophases, our work focuses on a lesser known species of interest, the 
linactant.  Linactants function as a 2D analogue to surfactants.  Rather than decrease 
surface tension, linactants work to decrease line tension (i.e. the interfacial force that 
favors round domains within a monolayer) in one dimension, and to reduce the 
interfacial energy related to domain formation in partitioned monolayers.24-26  Line active 
materials are important because of their effects on models systems such as biological 
membranes.  Current theories suggest that distinct lipid domains form within these 
membranes, with some molecules acting as linactants to facilitate the phase boundaries 
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of the system, the way a surfactant partitions to the interface in a 3D system.  
Chemically dissimilar molecules in a multicomponent Langmuir monolayer will phase 
separate within the monolayer.  One such example is mixtures of hydrogenated and 
fluorinated surfactants.  As fluorinated surfactants are lipophobic as well as 
hydrophobic,27 they are immiscible with hydrogenated surfactants.  This encourages the 
formation of distinct, immiscible domains of hydrogenated and fluorinated surfactants. 
Just as surfactants can act as emulsifiers and stabilizing agents between immiscible 
oil/water phases, linactants tend to partition between these immiscible monolayer 
components, decreasing the line energy, and therefore the free energy of the system.28   
It is well known that surfactants begin to self-assemble in three dimension into vesicles 
and micelles, and it has been suggested that 2D micelles of these linactants  may be 
able to form at the interface29, but this has yet to be proven definitively.   
Fluorinated surfactants are used in biomedical applications30 as well as monolayer 
patterning.1  This makes previous work that  linactants can be rationally designed for 
hydrogenated/fluorinated systems particularly interesting.26  Previous work shows that 
linactants form nanoclusters and other unique molecular assemblies similar to 
surfactant soltions,24, 31-37 as well as stabilize coexisting nanoscale domains by reducing 
line tension.  We, however, will demonstrate how the observed aggregates are 
analogous, but also fundamentally different from 3D micelles.  In order for applications 
to be fully realized, more extensive studies of self-assembly properties must be 
undertaken. As such, it is imperative to fully understand the partitioning of linactants at 
the liquid-vapor interface. Through observation of  the linactant 
12,12,13,13,14,14,15,15,16,1617,17,18,18,19,19-heptadecafluorononadecyl 
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F8H11.  The isotherm of pure F10 (0.00) exhibits a gradual increase in surface pressure 
with decreasing molecular area that is suggestive of a 2D condensed phase (e.g. a 2D 
liquid or L1 phase over a very large range of molecular area).38 39  The kink in the 
isotherm at 14 mN/m also indicates another condensed phase, but as this is far outside 
of the deposition pressure of 4.3 mN/m, it is irrelevant to the current experiments.  The 
surface pressure of F8H11, on the other hand, remains very low as the monolayer 
compressed until it finally rises sharply at ~0.3 nm2/mol, which represents approximate 
molecular close-packing for a fluorinated surfactant.33  This type of isotherm often 
indicates that the monolayer condenses into domains of a dense 2D “solid” phase, 
initially separated by regions of 2D vapor.1, 40-42    
The rise in surface pressure corresponds to the area at which these solid 
domains come into contact.  This type of transition occurs as the crystallinity of the 
monolayer increases. Because temperature and surface pressure is held constant 
throughout all measurements, only the differing molecular composition can cause the 
sharp transition from expanded to condensed phases.    Isotherms of mixtures where 
the mole fraction of F8H11 is < 0.63 exhibit qualitative features similar to the pure F10 
isotherm, which include gradual increase in surface pressure in the deposition regime, 
suggesting liquid-like behavior. Isotherms of mixtures with larger F8H11 mole fractions 
exhibit solid-like behavior reminiscent of pure F8H11 monolayers, indicated by the 
sharp increase of area per molecule compared to surface pressure at the deposition 
pressure.   
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4.2.2 AFM analysis of F8H11/F10 mixed monolayers 
The solid-like behavior of F8H11 and the liquid-like behavior of F10 is confirmed 
with AFM analysis of the Langmuir-Blodgett films.  While AFM images of pure F10 
monolayers are featureless, for F8H11 mole fractions ≥0.02, AFM images exhibit 
roughly circular features that are raised 1.4 ± 0.3 nm above the background (see Figure 
4.10).  The characteristic lateral dimension of the features is 34±7 nm37 and the features 
are essentially monodisperse in size.  Both the apparent height and lateral dimension 
were found to be approximately independent of F8H11 concentration, again indicating 
that the packing of F8H11 and F10 did not change with concentration, but rather, only 
the mole fraction of the two molecules changed.  This again indicates that F8H11 is 
close-packed in solid-like domains, while the liquid-like F10 is in an expanded phase, 
where its conformation is much less well defined.  As fluorinated and hydrogenated 
amphiphiles are chemically incompatible, it is unsurprising that the fluorinated 
molecules phase separate.    
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The number density of features increases systematically with the F8H11 mole fraction, 
as shown in Figure 4.10, again suggesting that the features may represent clusters of 
F8H11 molecules. At low F8H11 mole fractions (4.10 a-e), the features are dilute and 
randomly located, with no evidence of long-range order.  However, at high F8H11 mole 
fractions the features are locally organized in a hexagonal arrangement, (indicated by 
the diffuse rings in the FFTs included as insets in Figure 4.10 f,g,h); it is interesting to 
note that the onset of the local hexagonal order corresponds approximately to the 
F8H11 concentration at which the monolayer become fairly incompressible at the 
experimental surface pressure, e.g. the surface pressure vs. area isotherm exhibited 
solid-like behavior and rapidly increases with increasing surface pressure.  Figure 4.11 
shows representative radial FFTs prepared as described above.  While the position of 
the peak associated with the cluster packing changes very little with F8H11 
concentration, the peak clearly narrows with increasing concentration, indicating that the 
degree of long range order increases with F8H11 concentration.  The peaks in the 
figure are offset vertically for ease of interpretation.  The peak locations are all very 
similar, indicating again that the aggregate size is independent of the cluster surface 
concentration.  Table 4.1 gives the details cluster spacing and the correlation length of 
local hexagonal order obtained from analyzing the Figure 4.11. 
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% 
F8H11 
FWHM 
(from fit) 
Correlation 
Length  
(nm) 
Q (center 
of peak) 
Row 
spacing 
(nm) 
1.0 0.017±.004 118±28 0.235±.005 26.7±.05
0.95 0.033±0.009 61  13 0.24 0.01 26 1  
0.78 0.055±0.008 36 ± 5 0.23±0.01 27±1 
0.63  0.049±.02 41 ± 16 0.22 ± .01 28 ±1 
 
Table 4.1:  Cluster spacing and correlation length of hexagonal packing 
from FFT analysis.  
 
4.2.3 Cluster aggregation  
We hypothesize that the features observed in AFM images represent self-limiting 
clusters composed predominantly of F8H11. Figure 4.12 shows a schematic diagram of 
such a cluster that is consistent with our results.  Several observations support this 
hypothesis.  For example, the apparent height of the feature in AFM images is 
consistent with the difference in molecular length between F8H11 and F10.  
Additionally, the number and area fraction of features increases systematically with 
F8H11 concentration.  Furthermore, the lateral size of the features is highly 
monodisperse and does not vary with F8H11, nor is it affected by annealing time or 
compression speed.25  These observations suggest that the clusters represent 
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permits greater flexibility in domain size, as the third embedding dimension provides 
additional options for structures that separate chemically incompatible moieties.     
 
4.2.5 Hexatic liquid crystalline domains in 2D 
 At high linactant concentrations, local hexagonal packing of clusters was 
observed, and the correlation length of this hexagonal packing increased systematically 
with linactant concentration (4.10 f-h).  These structures are consistent with a liquid 
crystalline (e.g. hexatic) phase of clusters.  In fact, in a monolayer of 100% F8H11, 
correlations are sufficiently long-range that orientational order is explicitly demonstrated 
by the presence of diffuse spots in the FFT (in contrast with the continuous ring seen for 
lower concentrations).  The diffuse rings at mole fractions of 0.78 and 0.95 F8H11 
indicate hexagonal order, but with extremely low long range order.  This says that there 
are many small regions with hexagonal order, but because these small domains are not 
close-packed, there is equivalent order in all directions.  In the pure F8H11 monolayers, 
the diffuse spots indicate that there is only defined order in 6 directions, indicating 
hexagonal close-packing with long-range order.  These observations suggest that the 
increasing area fraction of clusters leads to a 2D phase transition from an isotropic 
micellar phase to a liquid crystalline phase with local hexagonal packing of clusters.  
This packing is analogous to the lyotropic crystalline phases that are common with 
surfactants in 3D solutions, exhibiting long range order, with regular, defined packing of 
micelle-like clusters. 
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4.3 Conclusions 
 Two-component Langmuir monolayers composed of semi-fluorinated and 
perfluorinated amphiphiles exhibited behavior that was quantitatively consistent with the 
formation of 2D micelles.  The semi-fluorinated compound, previously shown to be line-
active at the interface between hydrocarbon and fluorocarbon domains within 
monolayers,24, 26 played the role of 2D surfactant (linactant) and the perfluorinated 
compound acted as the 2D analogue of solvent.  Above the critical linactant mole 
fraction of 0.013 F8H11, AFM images showed the presence of monodisperse 2D 
molecular clusters within these monolayers.  In analogy with 3D micelles, the number of 
clusters increased with linactant concentration while their size remained the same.  A 
transition from an isotropic 2D micellar phase to a phase where the clusters exhibited 
local hexagonal packing was observed at a linactant mole fraction of ~0.63; the 
correlation length of the hexagonal packing increased with linactant mole fraction.  In 
contrast with 3D micelles, the characteristic lateral dimension of the 2D micelles was 
much larger than molecular dimensions, suggesting that the finite size of the aggregate 
was due to subtle packing incompatibility between the hydrocarbon and fluorocarbon 
blocks in the linactant tailgroup. 
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Chapter 5 
 
Experimental Details 
 
5.1 Alkyl Chain Length affects Polar and Azimuthal Alignment 
5.1.1  Liquid phase SAM preparation   
Soda-lime glass slides (Fisher Scientific) were cleaned with piranha solution, 
which is comprised of 30% aqueous hydrogen peroxide (H2O2) and concentrated 
sulphuric acid (H2SO4), at a 1:3 volume ratio.  This was then heated to 100˚C.  Piranha 
solution reacts strongly with organic compounds and should be handled with extreme 
caution.  Do not store solution in closed container.  Alkylsilane self-assembled 
monolayers (SAMs) were prepared using the amine-catalyzed approach as described 
by Walba et al1. For discrete alkyl chain length SAMs, Octadecyltriethoxysilane (OTS or 
C18) decyltriethoxysilane (C10), hexyltriethoxysilane (C6), pentyltriethoxysilane (C5), 
butyltriethoxysilane (C4), propyltriethoxysilane (C3), ethyltriethoxysilane (C2), and 
methyltriethoxysilane (C1) were all manufactured.  All silane compounds were obtained 
from Gelest at 97% purity and used as received.   
 After piranha cleaning, the slides are transferred to a micro-90 cleaned staining 
dish containing Milli-Q water (18.2 M).   The piranha-cleaned dish is then thoroughly 
dried in the oven to drive off any residual moisture. Coplin staining dishes are used 
because they allow processing of multiple microscope slides, but any glass vessel that 
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can withstand rapid heating is adequate.  The reaction solution is primarily comprised of 
toluene, with 1.5 w/w% ethoxysilane, and 0.4 w/w% butylamine.  For the specific case 
of the Coplin staining jar, this results in 60 mL toluene, 0.3 mL butylamine, 0.9 mL 
ethoxysilane.  The reaction solution is then held at 60°C for 30 minutes.  Other silanes 
can be used for this attachment chemistry, including -ethoxysilanes, -methoxysilanes, 
and -chlorosilanes.  The prefix to the silane merely describes the leaving group, so all 
moieties result in chemically identical monolayers.  The previous leaving silane leaving 
groups are listed in order of reactivity, from smallest to largest.  Silanes with a higher 
reactivity react more quickly, but the increased reactivity leads to greater degree of 
polymerization rather than SAM formation. 
 This reaction is partially catalyzed by water in the system;  Walba et al 1 have 
shown that the ideal amount of water is the trace amount already in the solvents.  
Additional water will result in polymerization both in the bulk of the reaction solution, as 
well as on the surface of the glass slides.  The previously piranha-cleaned microscope 
slides are rinsed thoroughly with fresh Millipore water, and dried under nitrogen.  They 
are then rinsed with toluene and placed in the previously warmed solution.  The slides 
are then incubated for 30-60 minutes at 60 °C.  Slides are then rinsed with toluene, and 
dried under nitrogen.  SAMs are then stored under vacuum until use.  The quality of 
these SAMs can be measured via contact angle goniometry.   
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5.1.2 Vapor Phase TMS SAM preparation 
Trimethylsilane (TMS) SAMs were prepared by catalyst-free vapor deposition.  
Slides were piranha cleaned, then exposed to hexamethydisilazine vapor (99.8% purity, 
Acros Organic) for approximately 12 hours.  The substrate was held approximately 2 cm 
above the liquid reserve. 
 
5.1.3 SAM photolytic degradation   
 Substrates with a continuous gradient of surface properties were prepared as 
described previously.   OTS SAM slides were cut in half and degraded by placing the 
slide adjacent to a mercury pen lamp (254 nm) for 7 minutes.   The intensity was 3.6  
௠ௐ
௖௠మ at the point the sample was in contact with the lamp, and this dropped off to 0.3
௠ௐ
௖௠మ 
at the far end of the sample, ~4 cm away.  This range of intensity is similar to other work 
with silane degradation2-4.    The gradual decrease of the irradiation intensity as a 
function of distance from the lamp resulted in a continuous gradient of surface 
properties.  There was some variability from sample to sample, therefore each substrate 
had contact angles independently measured along the gradient direction5.   
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5.1.5 Liquid crystal cell preparation 
Hybrid aligned nematic (HAN) cells were made by cementing two SAMs with 10 
ߤm glass fibers blended into 5 minute epoxy.  The cells were then clamped with binder 
clips while the epoxy cured, while the glass fibers in the epoxy maintained uniform 
spacing.  One bounding surface of each HAN cell was always an un-degraded OTS 
layer, producing uniform homeotropic anchoring.  This was chosen because strong 
anchoring allows for a known polar boundary condition for birefringence calculation, and 
because it will not bias any azimuthal alignment induced by rubbing the opposite 
substrate. The other side of the HAN cell was the substrate of interest in each 
experiment: either a degraded OTS gradient SAM or an un-degraded shorter chain 
length SAM.  Cell thickness was measured using interference fringes from 
monochromatic light transmitted through air.6, 7  The HAN cells were filled with 4-n-
pentyl-4’-cyanobiphenyl (5CB, Alfa Aesar, N-I transition 35.5 °C) by capillary action 
while heating 5CB above its N-I transition to eliminate any flow alignment.  
In cells that were not controlled for thickness, the above procedure was used with 
the following modifications:  No epoxy was used to determine a finalized thickness of 
the cell.  Approximate thickness was estimated using the Michel-Levy diagram (See 
Figure 1.9) and the known birefringence of 5CB.  Thickness was determined to be 20-
25 microns.   
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birefringence ത݊ ൌ ത݊௘ െ ݊௢ can be directly related to the tilt angle at the surface of 
interest,8  
ത݊௘ ൌ ଵఏమିఏభ ׬
௡∥௡఼
ට௡∥మ௖௢௦మఏା௡఼మ ௦௜௡మఏ
݀ߠఏమఏభ    (eq. 5.1),  
where ݊ୄ ൌ ݊௢ and is the index of refraction perpendicular to the optical axis, ݊∥ is the 
index of refraction parallel to the optical axis8.   This was integrated numerically by 
Mathematica to obtain values for ߠଵ.  ߠଶwas set to be 0.01, as the second surface of the 
HAN cell is known to give homeotropic alignment, but equation 5.1 is undefined if ߠଶ ൌ
0.  The refractive indices used were 1.523 and 1.729 for ݊ୄand ݊∥ respectively.9   
 
5.1.8 Contact angle goniometry 
 Contact angle measurements were made using a custom built goniometer, using 
static drops10 of Millipore water (18.2 MΩ).   For gradient substrates, measurements 
were taken at 3 mm intervals along the gradient direction.  Contact angle 
measurements were made on a minimum of three independent SAMs with ten samples 
at random positions on each SAM.  According to Young’s equation11, 
ߛ௅௏ܿ݋ݏ߶ ൌ ߛௌ௏ െ ߛௌ௅,  (eq 5.2) 
where ߶ is the contact angle of water, ߛ௅௏, ߛௌ௏, ߛௌ௅ are the interfacial energies between 
the liquid/vapor, solid/vapor, and solid/liquid interfaces, respectively.  The interfacial 
energy of the liquid/vapor interface is also known as the surface tension of the sample12.  
This shows that interfacial energy directly correlates to the cosine of the contact angle 
of the liquid. 
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µm x 137 µm field of view.  Prior to combing, dsDNA was labeled with YOYO-1 iodide 
(Invitrogen) at an approximate density of 20 base pairs per dye molecule. Company-
supplied labeling protocols provide by the manufacturer were followed, i.e. labeling prior 
to solution at pH 8, and avoiding glass containers due the cationic dye binding 
irreversible with glass surfaces.  Denatured/ssDNA was prepared by boiling lambda 
DNA in 2M urea at pH 8 for 30 minutes, followed by quenching the DNA solution in an 
ice bath.  Teflon vessels were used for incubation to minimize DNA adsorption from 
solution.   
 Interfacial forces act to extend the combed DNA molecules. It is related to the 
surface tension of the aqueous buffer, where	ܨ ൌ ߛߨܦ.  ߛ is the surface tension of 
water, and D is the diameter of double-stranded DNA (2.2 nm).  The force at the 
interfaces is calculated to be 440 pN, which is two orders of magnitude larger than 
entropic forces that cause DNA in solution to remain in a random coil15, 16.  DNA begins 
to lose its B-form helix at forces of 60-70 pN. Additionally, the breaking force of a 
covalent bond is approximately 1nN, therefore, DNA is expected to stretch, not break 
during combing.  Lambda phage DNA (48,490 bp) has a contour length of 16.1 m, but 
has exhibited extension to 21.5 m, while we have observed lambda DNA as long as 31 
m.  This is consistent with our and others’ experiments, where DNA is observed to 
stretch 1.5-2.1 times its contour length14, 17-19.    
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5.2.2 DNA/liquid crystal cells 
 Hybrid liquid crystal cells were assembled with surfaces consisting of OTS and 
GPTMS SAMs.  Physical spacers were not used. Interference colors from the Michel-
Levy diagram indicated thickness of 5-10 m.  The OTS layer is known to induce 
homeotropic anchoring.  Previous work using cast films of polymerized GPTMS 20 found 
planar anchoring; we observed the same with GPTMS SAMs. Cells were filled with 4-n-
pentyl-4’-cyanobiphenyl (5CB) or n-(4-methoxybenzylidene)-4-butylaniline (MBBA) 
using capillary action, and heated above the isotropic point to eliminate shear alignment 
before slow cooling to room temperature for measurements in the nematic phase.  
 
5.2.3 Vapor phase GPTMS SAM preparation 
 Vapor deposition approach was used to minimize background fluorescence for 
imaging purposes.  Self-assembled monolayers (SAMs) of 3-
glycidoxypropyltrimethoxysilane (GPTMS) and octadecyltriethoxysilane (OTS) were 
prepared on fused silica wafers and borosilicate microscope slides using either standard 
solution-phase deposition1, 21 or solvent-assisted amine-catalyzed vapor deposition. 
Either fused silica cover slips or microscope slides were piranha cleaned,21 followed by 
UV-ozone exposure for ~60 minutes with a Boekel  UV Clean model 1335500.  The 
slides were then exposed to the vapor from a mixture of toluene, GPTMS, and n-
butylamine in a 60:3:1 volume ratio for 17-24 hours at room temperature.  Deposition 
occurs at atmospheric pressure, but slightly improved results occur when a vacuum is 
pulled momentarily before sealing the reaction chamber (vacuum desiccators).  This is 
presumably due to evacuation of extraneous water from the reaction.  SAM quality was 
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determined using contact angle goniometry.  A contact angle of ~65˚ indicated a 
GPTMS monolayer.       
 
5.2.4  Liquid phase GPTMS SAM preparation   
GPTMS SAMs were prepared similarly to OTS SAMs, as described in section 
5.1.1.  3-glycidoxypropyltrimethoxysilane (GPTMS) was used in place of alkyl silanes.  
GPTMS was obtained from both Gelest and Fisher at 97% purity.  No difference was 
observed related to supplier.  An additional final rinse of isopropanol before vacuum 
storage removes residual GPTMS, as it is only marginally soluble in toluene.  Slides are 
stored under vacuum until use.   
 
5.2.5 Quartz wedge compensator  
 LC orientation was confirmed with a quartz wedge compensator. This is 
accomplished by comparing birefringence colors before and after compensation.  First, 
the sample is turned 45˚ from the crossed polarizers in order to obtain maximum 
intensity.  If birefringence increases, the fast axis on the compensator is aligned with the 
fast axis on the liquid crystal.  If birefringence decreases, the fast axis on the 
compensator is aligned with the slow axis on the liquid crystal.   
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5.2.6 Fluorescent microscopy 
 Fluorescently-labeled dsDNA was visualized using epifluorescence on a Nikon 
Ti-E inverted microscope with a 60x objective. The microscope was capable of both 
fluorescence and polarized light modes, allowing direct observation of the effect of 
extended DNA molecules on the local LC orientation.  YOYO-labeled DNA was 
captured using a standard fluorescein set of emission filters. 10x images were obtained 
using and Olympus BH2-UMA microscope modified for transmission mode incorporating 
crossed polarizers. The extinction direction of LC was determined by recording the 
average light intensity through crossed polarizers as the sample was rotated with 
respect to the polarizer direction, and fitting the data to a sinusoidal function.  
 
5.3 Lyotropic Self-Assembly of line-active compounds in two dimensions 
 
5.3.1 Langmuir trough 
 Monolayers are formed in a dual-barrier Nima Technologies Langmuir-Blodgett 
trough.  Monolayers were formed by dropwise addition of perfluoroundecanoic acid 
(F10) (Oakwood Products, Inc) solutions of 0.5g/L in chloroform (Fisher) and F8H11 
(synthesis previously described, see Figure 4.8)22 solutions ranging from 0.1 to 1.0 g/L 
in  tetrahydrofuran (THF, Fisher).  Prior to filling, the trough is repeatedly cleaned with 
isopropanol and chloroform.  The subphase consisted of Millipore water (18.2MΩ) 
adjusted to pH 3 with HCl (Malinckrodt). After spreading, monolayers were left for 15 
minutes to allow for solvent evaporation.  Surface pressure was maintained at a 
constant 4.3 mN/m during transfer with a barrier speed of 20 mm/min.   Langmuir-
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Blodgett films were transferred onto freshly cleaved mica.  Mica was freshly cleaved 
using scotch tape to achieve an atomically flat surface.  Surface pressure was 
monitored using paper Wilhelmy plates.   Dipping occurred at 10 mm/min on the 
upstroke.   
5.3.2 Particle analysis 
 The distinctive features (representing 2D micelles) on the AFM images were 
counted using ImageJ for mole fractions of 0.63 or less and with Mathematica for 
concentrations greater than 0.63.  Error bars represent standard error for at least eight 
distinct images.   For samples at very high F8H11 mole fraction (≥0.95), where features 
were close-packed, the lateral sizes were determined by measuring the peak-to-peak 
distance from image cross-sections.  For lower concentrations, where features were 
isolated, the lateral size of features was determined by measuring the width of a feature 
before the height profile returned to baseline of many individual features from AFM 
image cross-sections.  AFM images that exhibited periodic structures were further 
analyzed by performing Fourier transforms (FT) using Image SXM software.  Angular 
averages were performed of these “powder pattern” FTs, and a linear background was 
subtracted.   
 
5.3.3 AFM 
Samples were imaged with a Nanoscope III (Digital Instruments, now Bruker) 
multi-mode AFM.  Images were obtained using tapping mode under ambient conditions, 
using silicon tips with a nominal spring constant of 40 N/m and a nominal tip radius of 
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10 nm.  Images were taken in tapping mode using height contrast at room temperature 
(23  1 ˚C). 
5.3.4. Fourier analysis 
 Fourier transforms were executed using Image SXM software.  The images were 
radially averaged, and a linear background was subtracted out to obtain a peak.    For 
pure F8H11 monolayer where distinct spots were observed, line averages were used 
rather than radial averages.  The position, Q0, and half-width at half max (HWHM) was 
determined by a Gaussian fit from the resulting peaks; the row spacing was calculated 
as 2/Q0 and the correlation length as 1/HWHM. 
5.4 Liquid crystal anchoring transitions induced by phase transitions of 
photisomerizable surfactant at the nematic/aqueous interface (Appendix A) 
 
5.4.1 Sample Preparation 
 Borosilicate glass slides were cleaned with a fresh piranha solution composed of 
30% aqueous H2O2 and concentrated H2SO4 (1:3 v/v) for 1 h at 70 ˚C. (Warning: 
piranha solution reacts strongly with organic compounds and should be handled with 
extreme caution; do not store solution in closed containers.) An octadecyltriethoxysilane 
(OTS) (Gelest, Inc.) self-assembled monolayer (SAM) was deposited on the glass 
following the procedure described by Walba et al.23  Briefly, clean glass slides were 
rinsed with acetone and toluene and submerged in a solution of toluene, OTS, and 
butylamine (200:3:1 v/v) for 30 min at 60 ˚C. Following this deposition, the glass slides 
were rinsed with toluene, dried with a stream of nitrogen, and stored under a vacuum at 
room temperature for 24 h prior to use. This produced a surface with a water contact 
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angle ~95˚ as measured optically by the sessile drop method with a goniometer; 
sufficient to induce homeotropic alignment of the liquid crystal.  The slides were cut into 
small rectangles measuring approximately 0.75 X 0.50 in. 
 The liquid crystal material used for microscopy experiments was E7 (n=1.57, 
n||=1.73, Merck Ltd.), a four-component liquid crystal mixture of cyanobiphenyls and a 
cyanoterphenyl with a nematic to isotropic (N-I) transition temperature of 60 ˚C.  For 
spectroscopy experiments, the liquid crystal 5CB (4-n-pentyl-4’-cyanobiphenyl, Alfa 
Aesar) was used because of its lower nematic-isotropic transition temperature (35.5 ˚C).  
The fatty acid derivative (4-(8-alkyl)-4’-(carboxy-(3-alkyl)-oxy)azobenzene (8Az3, see 
Figure A.1) was custom-synthesized24.  8Az3 dissolved in chloroform was added to the 
liquid crystal material, briefly mixed with a glass pipette, then dried under a stream of 
nitrogen.  Chloroform disrupts the liquid crystalline order of the fluid, and is fully 
removed when the liquid changes from clear to cloudy. This deposition strategy was 
chosen because of the extremely low solubility of 8Az3 in the aqueous phase.  The final 
concentrations of 8Az3 in the liquid crystal were 8.22 mM, 12.33 mM, 16.44 mM, and 
20.55 mM. Following a protocol first reported by Brake and Abbott 25, the liquid crystal 
was drawn into a 25 µm capillary tube and used to fill a TEM grid via capillary action by 
contacting the capillary tube to a TEM grid laying flat on a rectangle of SAM-coated 
glass.  The TEM grid (SPI Supplies) used was a gold-coated copper, square mesh grid 
with hole sizes of 205 µm. Following the introduction of the liquid crystal into the grid the 
liquid crystal was heated above its N-I transition temperature and slowly cooled back to 
room temperature. This resulted in a liquid crystal layer of approximately 20 µm in 
thickness. 
141 
 
 Chamber slides (Lab-Tek) were filled with ultrapure water (resistivity of 18.2 M-
cm) and heated to 55 ˚C.  Liquid crystal -filled TEM grids on SAM-coated glass were 
submerged in the water for 60 minutes, sufficient time for an 8Az3 monolayer at the 
liquid crystal/aqueous interface to reach a steady-state surface coverage. The solution 
was held constant at 55 ˚C throughout the formation of the monolayer. A cover was 
placed on the chamber to limit evaporation. 
 In Langmuir-Blodgett experiments, clean glass slides (measuring approximately 
10 x 20 mm) were used to transfer 8Az3 Langmuir monolayers using a KSV Minitrough 
at constant temperature and surface pressure. The dipping speed was 2 mm/min. Liquid 
crystal cells (E7) were assembled by securing one LB-coated plate with a larger plate 
(approximately 20x30 mm) treated for homeotropic anchoring, with pieces of 13 m-
thick mylar (Goodfellow) setting the cell spacing, and were subsequently filled by 
capillarity.  For proper visualization of the azimuthal inhomogeneities in the sample, the 
anchoring strength of the liquid crystal at the homeotropic plate must not be much 
stronger than at the 8Az3-coated plate. Homeotropic anchoring with an appropriate 
strength was obtained by transferring a stearic acid Langmuir monolayer in a hexatic 
phase onto a ITO-coated glass plate, following a procedure described by Fazio et al.26  
 
5.4.2 Polarized light microscopy 
 The liquid crystal orientation and textures were observed using plane-polarized 
light with an Olympus BH2-UMA microscope modified for transmission mode 
incorporating crossed polarizers. The chamber slide containing the liquid crystal setup 
was placed on a rotating stage with an attached custom heating and cooling stage. The 
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stage was located between the polarizers. All images were captured using a Lumenera 
Infinity 1-C digital video camera mounted on the microscope and positioned so its x and 
y axes were aligned with those of the polarizer and analyzer. Homeotropic orientation 
was determined by the absence of transmitted light during a full 360˚ rotation of the 
sample. In the absence of homeotropic orientation, zenithal tilt angle at the 
nematic/water interface was determined by comparing the observed colors to those on 
a Michel-Levy chart (Figure 1.9). This yielded the birefringence, from which we were 
then able to determine n/w, the zenithal angle of the liquid crystal director at the 
nematic/water interface, from the following equation 27: 
ne  1n /w n / SAM
n|| n d
n||
2 cos2  n2 sin2 n /SAM
 n /w  n  
where ne is the effective average birefringence, n|| is the index of refraction for E7 
parallel to the optical axis, and n is the index of refraction for E7 perpendicular to the 
optical axis. n/SAM is the zenithal angle of the liquid crystal director at the nematic/SAM 
interface and was assumed to always have a value of 0 (homeotropic anchoring). The 
azimuthal angle was determined by rotating the sample to extinction. 
 Observation of the liquid crystal cells containing the LB aligning plate was 
performed in a Nikon E400Pol optical microscope between crossed polarizers. Images 
were acquired with an Olympus E400 digital camera. Langmuir monolayers were 
observed by a custom-made Brewster angle microscope 28 prior to their transfer onto 
glass plates. 
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5.4.3 UV/Vis excitation 
 Samples were irradiated with UV or visible light isolated from spectral lines of a 
mercury-arc lamp (power = 100 W). Wavelengths were isolated using bandpass filters 
(Chroma Tech.) with maximum transmissions at 365 nm, 405 nm, and 436 nm and full 
width half max ranges of 10 nm, 10 nm, and 20 nm respectively. Power density was 
moderated using 0.5 and 0.2 neutral density filters.  The irradiation was incident from 
the aqueous side of the sample onto the interface.  In order to examine the behavior of 
8Az3 in the trans state, the liquid crystal /8Az3 mixture was kept in the dark for at least 
24 hrs prior to use. By thermal relaxation, the cis isomer of 8Az3 isomerized to the trans 
state in the absence of any light. Immediately upon immersion of the liquid crystal-filled 
grid in ultrapure water the liquid crystal appeared highly birefringent as is usual for a 
liquid crystal aqueous interface in the absence of an adsorbed monolayer. The sample 
was kept immersed in the dark for at least 60 minutes, allowing a monolayer to form at 
the interface. 
 Langmuir monolayer experiments were performed following a similar protocol. 
For all-trans monolayers, the ~1 mM chloroform spreading solution was prepared under 
dim red light and stored in the dark for 24h prior to spreading the monolayer. LB transfer 
was also performed in the dark. Subsequent handling of the LB films did not affect the 
textures observed in the liquid crystal cells, i.e., there was no need to handle the plates 
in the dark. To prepare monolayers with a maximum presence of cis isomer, the system 
was continuously irradiated with a 365 nm UV lamp. An intermediate composition was 
achieved by working under room light photostationary conditions.  In previous work 24, 
we found that this state corresponded to approximately 40% cis isomer. 
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5.4.4. UV/Vis Spectroscopy 
 Samples consisting of 50 µM 8Az3 in 5CB were contained in 1 cm square 4-
window quartz cuvettes and heated into the isotropic phase (~37 ˚C).  Throughout the 
experiments, the samples were held at this temperature and stirred vigorous using a 
cylindrical magnetic stirrer designed for use in cuvettes.  UV/Vis spectra were measured 
using a fiber optic coupled probe beam involving Ocean Optics equipment (LS-1 
tungsten-halogen source, S2000 multichannel spectrometer) using pure 5CB as the 
reference.  To minimize disturbance of the isomer distribution, light from the tungsten-
halogen lamp was blocked until immediately before a measurement.  A spectral 
acquisition was initiated within 2s of the onset of illumination by the probe beam, and 
completed with a 3s exposure, after which the probe beam was again blocked. The 
spectrum of the nearly all trans state was obtained by permitting the sample to relax 
thermally in total darkness overnight prior to the measurement.  In order to obtain 
spectra associated with various photostationary states, the cuvette was continuously 
pumped with an intense beam incident along a direction perpendicular to the probe 
beam.  The pump beam originated with an Osram HBO 100W compact arc Hg lamp 
operating under current control.  The wavelength range was restricted to individual Hg 
emission lines by bandpass filters centered at 365 nm, 405 nm, and 436 nm.  In each 
case the sample was pumped for several minutes in order to ensure that a 
photostationary state had been reached (experiments suggested that this occurred 
within a minute or so), and then a spectrum was captured.  Thermal relaxation kinetics 
experiments were performed by first establishing a photostationary state with the 365nm 
pump beam. At t = 0s the pump beam was blocked.  The sample was then allowed to 
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relax in the dark.  UV/Vis spectra were acquired at approximately 30min intervals, using 
the minimal irradiation protocol, i.e. the spectrometer beam was blocked except for the 
3s required to acquire one spectrum each 30 minutes. 
 
5.5 Future Work (Appendix B) 
5.5.1 GPTMS Vapor Phase SAMs 
 GPTMS SAMs vapor phase SAMs were created as described in section 5.2.3 on 
fused silica.   
5.5.2 DNA oligonucleotide sequences 
Oligonucleotide sequences are as follows, from 5’ to 3’ end.  These sequences 
were chosen for low self-complementarity.  Sequences were ordered from Eurofins 
Operon.    
146 
 
Table 5.1: DNA oligonucleotide sequences used for attachment/hybridization 
studies 
Name Sequence 5’ modifier 3’ modifier 
A16 AGA AAA AAC TTC 
GTG C 
  
A16comp GCA CGA AGT TTT 
TTC T 
  
A32 AGA AAA AAC TTC 
GTG CCC TTC ATC 
CCC TAA TA 
  
A32complement TAT TAG GGG ATG 
AAG GGC ACG AAG 
TTT TTT CT 
  
A32mismatch CGT GTC CTC CCC 
CCA GAA GCA CCA 
AAA GCC CG 
  
Amine_32_488 AGA AAA AAC TTC 
GTG CCC TTC ATC 
CCC TAA TA 
Amino C6 Linker 6-Fam 
(Fluorescein) 
A_32Comp_647 TAT TAG GGG ATG 
AAG GGC ACG AAG 
TTT TTT CT 
AminoC6+Alexa647  
  
 
5.5.2 Epoxide-Amine coupling 
Epoxide-amine coupling was attempted in order to reliably end-couple DNA 
oligonucleotides.  It is well known that under basic conditions (generally above pH 9), 
that and amine group will act as a nucleophile for a strained epoxide group, thus 
covalently binding to a substrate.  Unfortunately, it has also been shown that epoxide 
rings are under an extreme amount of strain, and that under basic conditions, water 
itself can act as a nucleophile, effectively outcompeting an amine-terminated molecules, 
and likely resulting in the inconsistencies of the epoxide/amine oligonucleotide 
coupling29-32.  This can account for the inconsistencies in attaching amine-terminated 
oligonucleotides to a GPTMS SAM. 
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5.5.3 Streptavidin-Biotin coupling 
 Streptavidin-Biotin coupling was attempted as an alternative to epoxide/amine 
coupling of oligonucleotides.  It is among the strongest non-covalent interactions known, 
and is stable as long as the proteins are not denature (below 70 degrees )30.  Coupling 
was attempted in water, PBS, 1x SSC (sodium saline citrate), 6x SSC at room 
temperature.  Streptavidin coated class was obtained from Xenopore (VPX 000). 
Name Sequence 5’ modifier 3’ modifier 
Biotin_A32_488 AGA AAA AAC TTC 
GTG CCC TTC ATC 
CCC TAA TA 
Bio-Teg 6-Fam 
(Fluorescein) 
A_32Comp_647 TAT TAG GGG ATG 
AAG GGC ACG AAG 
TTT TTT CT 
AminoC6+Alexa647  
 
 
 
Table 5.2: DNA oligonucleotide sequences used for streptavidin/biotin 
attachment/hybridization studies 
 
5.5.4 Measurement of attachment 
 Attachment was measured on a Nikon Ti-E inverted microscope with a 10X 
objective.  Overall intensity was captured from individual images, with illuminating 
conditions optimized, then held constant.   Background was subtracted from images 
with no added fluorescent activity.  Background noise was determined to be 
approximately േ500 counts.   
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5.5.5 Oligonucleotide hybridization 
 Hybridization buffers included 1 M NaCl, 1x SSC, 6x SSC, PBS (pH 7.4), 
potassium phosphate dibasic (pH 8), and Millipore water. Commercial hybridization 
solutions (Unihyb, Hybit from Arrayit) were also attempted.  Hybridization temperatures 
were kept at 5-10 ºC  below Tm. Hybridization was indistinguishable from nonspecific 
adsorption, including after rinsing. 
 
5.5.6 Agarose Gel Electrophoresis 
 Agarose gel electrophoresis was performed to determine fragment size of 
shortened lambda DNA fragments.  Gels were 1% agarose in TAE buffer (0.5 g 
agarose, 50 mL TAE, 2.5 L ethidium bromide). Ethidium bromide was used to visualize 
DNA under UV illumination.   Gels were run at 120 V, for 30 minutes or longer, based 
on the expected length of DNA fragments in order to obtain good separation.  Gels were 
run with approximately 10 ng of DNA per well to avoid smearing of the DNA bands from 
overloaded gels.  DNA was loaded with 2 L of “blue juice”, (0.25% bromophenol blue 
40% w/v sucrose) 33, designed to add density the DNA solution to cause it to sink in the 
agarose wells, as well as a dye to give a visual aid as to how far the DNA bands had 
progressed under the electric field.   
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5.5.7 ssDNA labeling 
 DNA was labeled according to the Ulysis protocol.  The denaturation step was 
skipped in order to decrease labeling efficiency.  Separation was attempted with both 
Bio-Rad Micro Bio Spin P-30 columns, as well as Princeton Separations Centri-Sep 
columns.  Silica based systems such as Qiagen products are to be avoided, as they 
bind to the fluorescent dye.  Separations proved problematic for the labeled DNA.  
Excessive fluorescent dye causes binding to the resin of either type of acceptable 
separation column.  Increasing the amount of DNA in the protocol without adjusting any 
other parameters leads to a decrease in labeling, which is ideal for separations, as the 
kit suggests avoiding lengths over 1000 bp to avoid aggregation.  A linear relationship 
between initial mass of DNS and labeling efficiency was found when adding up to 6 g 
of DNA.   Additionally, the columns do not pass DNA over 1000 base pairs efficiently.   
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Appendix A 
 
  Liquid Crystal Anchoring Transitions Induced by Phase Transitions of 
Photisomerizable Surfactant at the Nematic/Aqueous Interface 
 
 A photoisomerizable fatty acid (containing an azobenzene unit) was dissolved in 
a nematic liquid crystal and adsorbed at the liquid crystal /water interface, influenceing 
the anchoring of the liquid crystal material.  The liquid crystalline phase was observed to 
reorient upon exposure to different irradiation wavelengths. Homeotropic, tilted, and 
planar anchoring were all observed under various thermodynamic and illumination 
conditions. Lateral coexistence between regions displaying different anchoring was 
often observed, as were dynamic and reversible transitions between the various states.  
These observations suggest that adsorbed monolayers of the azobenzene-fatty acid 
(probably in equilibrium with the same surfactant in solution) display a rich binary phase 
diagram, where the relative fractions of cis and trans isomers are determined by the 
photostationary state associated with the illumination wavelength. The morphology of 
these phase diagrams has been determined as a function of three variables—bulk 
concentration, temperature, and composition (cis:trans ratio) of the dissolved 
surfactant—and six distinct interfacial phases were identified, including five condensed 
phases and a dilute interfacial vapor phase. This phase diagram is distinct from the 
behavior of Langmuir monolayers of the same amphiphile at the air/water interface, 
which exhibits only two condensed phases.  
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A.1 Introduction 
 We have previously introduced the topic of alignment layers in respect to liquid 
crystalline polar alignment.  While we have previously focused on liquid crystal 
alignment at the solid/liquid crystal interface, alignment is also commonly studied at the 
liquid/liquid crystal interface1-3.  Physical and chemical properties of surface (alignment 
layer) define a preferred orientation of neighboring liquid crystal molecules, which the 
bulk will then align in concert with.4, 5  Monolayers partitioning to aqueous/liquid crystal 
interface have been shown to affect liquid crystal alignment.6 7   What is more subtle, 
however, is their ability to amplify changes within the monolayer.  This amplification 
allows extremely sensitive detection of interfacial properties.  All liquid crystals devices 
exploit this sensitivity to surface conditions by using alignment layers to impart the 
desired anchoring for application purposes.  Of particular interest are dynamic 
alignment layers that cause liquid crystal alignment switching in response to a stimulus.  
Photo-responsive surfaces are a classic example, in which surface coatings are 
prepared from molecules containing photoisomerizable moieties such as azobenzenes, 
stilbenes, or spiropyrans.8-11  Typically, these molecules are immobilized on a solid 
surface, and the conformational change associated with isomerization can switch the 
adjacent liquid crystal phase between two orientational states.  However, study of these 
molecules at the liquid/liquid crystal interface provides allows more facile reorientation 
of the liquid crystals, and can lead to further understanding of intermolecular liquid 
crystal anchoring mechanisms.  While there is a significant literature involving two-
dimensional phase diagrams of amphiphilic monolayers at the air/water interface,12 
monolayers at the liquid/liquid or liquid/liquid crystal interface are less well-understood.  
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 Recent work suggests that the presence of an adjacent nematic phase may have 
a significant effect on the phase behavior of a monolayer.  This group has previously 
showed that the phase diagrams of fatty acid monolayers shift dramatically at the 
nematic/water interface.7 For example, a particular triple point was nearly 40 ˚C lower at 
the nematic/water interface than at the air/water interface.  Recently, Abbot and 
coworkers observed phase coexistence in the phospholipid monolayer at the 
nematic/water interface under thermodynamic conditions where no coexistence was 
observed at the air/water or isotropic liquid crystal/water interfaces.13 
 In this work, the photoisomerizable molecules are azobenezene-containing 
amphiphilic fatty acids.  The cis or trans isomers are switchable by exposure to radiation 
of varying wavelengths.  These are dissolved in the liquid crystal phase and allowed to 
adsorb at the fluid interface between a nematic liquid crystal and water.  We observe a 
variety of orientational states of the liquid crystal: as a function of surfactant 
concentration, temperature, and wavelength of irradiation (which establishes the relative 
trans and cis isomer composition) – as well as lateral coexistence between many of 
these states under appropriate conditions.  Continuous and discontinuous transitions 
are observed between these states upon changing irradiation wavelengths.  This 
suggests that upon steady exposure to a particular wavelength of light, a specific binary 
mixture of cis and trans isomers is reached at the interface, in equilibrium with the 
photostationary state mixture in solution (whose composition we measure).  In general, 
the cis/trans composition in solution and at the interface need not be identical, as it 
cannot be assumed that cis/trans isomers have the same equilibrium constant.  The 
surface layer adopts an equilibrium two-dimensional phase (or mixture of phases) at the 
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interface depending on the temperature, surface concentration and cis/trans 
composition.  The orientation and texture of the adjacent liquid crystal phase reflects the 
molecular arrangement of these interfacial phases.  In this chapter, we report 
systematic observations of this phenomenology as a function of temperature, surfactant 
concentration, and photostationary state composition, and show that interaction of a 
surfactant monolayer with a bulk nematic phase can not only shift the phase behavior of 
the monolayer from that at the air/water interface, it can also induce the appearance of 
entirely new phases and modify the lateral miscibility of monolayer components. 
 Previous work on azo-fatty acid monolayers at the air/water interface showed the 
formation of an isotropic liquid phase for cis-rich monolayers and a smectic C phase for 
pure trans monolayers.14 The two phases coexisted at all temperatures and over a wide 
range of compositions in mixed cis/trans monolayers, revealing a remarkable 
immiscibility of the two isomeric components at the air/water interface. The structures 
and phase behavior at the air/water interface are faithfully transferred onto a solid 
support, and visualized in a liquid crystal cell15. In contrast, the current work at the liquid 
crystal/water interface reveals the existence of two phases where the two isomers in the 
mixed monolayers are totally miscible.  
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Table A.1: Isomeric compositions of photostationary states. 
 Photostationary states used in calculation  
 436 nm / 405 nm 
436 nm / 365 
nm 
405 nm / 365 
nm average 
cis fraction @ 436 
nm 0.087 0.076 X 0.082 
cis fraction @ 405 
nm 0.457 X 0.398 0.428 
cis fraction @ 365 
nm X 0.977 0.975 0.976 
 
The kinetics of thermal relaxation was also measured by following the intensity at 380 
nm as the sample was allowed to relax in darkness from an initial condition of the 365-
nm photostationary state.  The kinetic data are shown in Figure A.3 suggest first-order 
relaxation kinetics with a time constant of 6800s or 113 min.  This relaxation time is 
typical of azobenzene-based materials in relatively nonpolar solvents.19  The long 
relaxation suggests that the cis isomer fraction is defined only by the wavelength of the 
pump illumination and that the system reaches a true photostationary state, even at the 
significantly higher concentrations used in the microscopy experiments.  
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assume that 8Az3 molecules adsorb to the interface in the standard surfactant 
orientation to form a (partial or complete) interfacial monolayer.   
 We found that the liquid crystal appearance changed dynamically when the 
irradiation wavelength was varied.  Representative behavior is illustrated in Figure A.4, 
where the initial condition, associated with the stationary state induced by 436 nm 
illumination, involved the coexistence of small homeotropic regions (black) and regions 
with weak birefringence (light gray).  When the illumination wavelength was switched 
abruptly to 365 nm, a distinctive sequence of textures was observed over a period of 
~60 seconds.  First, the birefringent regions grew to cover the entire sample.  Then the 
weakly-birefringent texture abruptly became homeotropic.  Finally, strongly birefringent 
regions (blue/green and pink) appeared within the homeotropic sample and grew to 
cover a significant fraction of the sample.  This final state was stable upon continued 
illumination at 365 nm.  If the illumination wavelength was switched back to 436 nm, the 
sequence occurred in reversed order.   
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state images also indicate the presence of hysteresis, which is characteristic of a first-
order phase transition (e.g. supercooling or supersaturation).  That is, if the previous 
illumination is at a longer wavelength (i.e. 436 nm, giving a lower cis fraction), the 
sample displays uniform weak birefringence at 405 nm.  However, if the previous 
illumination is at a shorter wavelength (i.e. 365 nm, giving a higher cis fraction), the 
sample displays coexistence of homeotropic and weakly birefringent regions at 405 nm.   
 By comparing stationary state images with dynamic changes upon a change of 
illumination wavelength, we determined the characteristic sequence of phases 
associated with a specific set of thermodynamic conditions.  Figures A.4 and A.5 
illustrate how this sequence was determined for samples at 25 ˚C and 16.44 mM 8Az3 
in liquid crystal.  The same procedure was followed for a matrix of thermodynamic 
conditions including four 8Az3 concentrations of 8.22 mM, 12.33 mM, 16.44 mM, and 
20.55 mM at each of four temperatures, 5 ˚C, 15 ˚C, 25 ˚C, and 35 ˚C.  In all cases, the 
sequence of photostationary states was consistent with the sequence observed 
dynamically upon a sudden change in illumination wavelength.  All states and 
transitions were repeatable and reversible.  Based on these data, phase diagrams were 
determined as a function of temperature, 8Az3 concentration, and illumination 
wavelength (i.e. bulk cis/trans composition).  For convenience, a nomenclature was 
developed where each phase was given a symbolic name based on the predominant 
component.  This nomenclature, descriptions of phases, and the phase diagrams 
themselves are presented in the following sections. 
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A.2.3 High Temperature Phases 
 At 15 ˚C, 25 ˚C, and 35 ˚C, the same phase sequence illustrated in Figures A.4 
and A.5 was observed at higher 8Az3 concentrations.  However, at very low 8Az3 
concentrations, a strongly birefringent phase was observed, consistent with planar liquid 
crystal anchoring at the interface; the azimuthal orientation was random and varied 
continuously.  The liquid crystal texture and birefringence in this phase was 
indistinguishable from the liquid crystal appearance in contact with a bare water 
interface.  Therefore, we labeled this low-concentration phase as G (gas); such a phase 
has been similarly observed for low concentrations of n-alkanoic acid molecules at an 
identical interface.7 
 Representative images of all high-temperature phases and coexisting phases are 
shown in Figure A.6.  The phases that would hypothetically be observed for pure trans 
or pure cis isomeric 8Az3 are labeled T and C respectively.  Since there are two such T 
phases as a function of temperature, subscripts are used to distinguish them.  The high 
temperature T1 phase induced homeotropic anchoring.  The C phase induced tilted 
liquid crystal anchoring that resulted in significant birefringence, as indicated by the 
deep blue color.  The azimuthal orientation varied continuously and randomly in the C 
phase.  We note here that our experimental conditions did not allow for the observation 
of a purely cis monolayer.  However, the trend with wavelength and the topology of the 
phase diagram supports the conclusion that the liquid crystal texture associated with the 
emerging C phase (high birefringence with a continuously varying liquid crystal azimuth) 
would encompass the entire sample for a pure cis monolayer. 
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A.2.5 Phase diagrams 
 Phase diagrams were constructed that were consistent with all of the 
observations of dynamic changes and stationary states.  These are presented in Figure 
A.8 as binary phase diagrams for each of the four temperatures studied.  The horizontal 
lines on the diagrams represent thermodynamic paths associated with the dynamic 
changes observed after switching the illumination wavelength; these paths allowed us to 
determine the sequence of phases at that temperature and bulk concentration, and also 
the nature of the phase transitions.  The axes of these phase diagrams correspond to 
the experimentally-accessible thermodynamic variables (bulk concentration and bulk 
composition) but do not necessarily correspond in a simple way to variables associated 
with the concentration and composition of the interfacial layer.  This will be discussed in 
greater detail below. For example, we found that the MT–MC transition was first order at 
lower concentrations (i.e. coexistence was observed), but became continuous at higher 
concentrations.  The vertical lines represent changes to 8Az3 concentrations at 
constant temperature and illumination wavelength.  The intersecting grid lines represent 
the specific stationary states that were observed.  These provided information about the 
absolute positions of transition lines.  As a result of these measurements, the overall 
topology of the phase diagrams could be determined with confidence, and the relative 
shifts of phase transitions as a function of temperature could also be determined.  For 
example, both M phases clearly shift to the left (trans-rich side) with increasing 
temperature.   
 First order (discontinuous) transitions (indicated by coexistence regions and tie 
lines) were characterized by the nucleation and growth of domains of the emerging 
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phase.  The approximate locations of phase boundaries for these transitions were 
determined via the lever rule using area fractions of coexisting phases measured under 
stationary state conditions.  However, hysteresis exhibited by these phase transitions 
left a degree of uncertainty in the precise positions of these boundaries.  Continuous 
transitions did not exhibit phase coexistence.  The dotted lines are speculative, but are 
supported by trends in the data.  Some artistic license was taken in drawing the specific 
contours of the transition lines. 
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A.2.6 Monolayers at the air/water interface and LB films 
 Past studies with Langmuir monolayers of the pure trans isomer of 8Az3 
revealed the absence of isotropic 2D fluid phases (the equivalent to the L1 or LE in fatty 
acid Langmuir monolayers) at all temperatures up to 50 ºC.  This system features a high 
pressure phase with hexatic order, as suggested by textures in BAM images and by the 
analysis of GIXD data,21 and a low pressure mesophase, which develops characteristic 
temperature-dependent textures.14  Under all temperatures and surface pressures 
studied (up to monolayer collapse) molecules tilt away from the interface normal: no 
evidence of an untilted or isotropic phase has been found. In fact, monolayer 
compression has little effect on the tilt angle, in contrast with saturated fatty acid 
monolayers.21  
 As an intermediate system between the liquid crystal/water and the air/water 
interface, and to connect Brewster angle microscopy (BAM) images of Langmuir 
monolayers with polarized light microsroscopy images of liquid crystal cells, we have 
also examined the alignment patterns induced on a liquid crystal that is in contact with a 
Langmuir-Blodgett (LB) film of 8Az3 in a cell that is treated for homeotropic anchoring 
on the opposing plate15.  Like the polarized light microscopy (PLM) images shown 
above, the nematic textures observed in the LB optical liquid crystal cell are in response 
to the structure of the 8Az3 interfacial layer, but unlike the PLM images (and like the 
BAM images) the 8Az3 monolayer structure formed at the air/water interface in the 
absence of structure-directing influences by an adjacent liquid crystal layer.  As shown 
in Figure A.9, liquid crystal textures in contact with the 8Az3 LB film faithfully reproduce 
the structures observed in Langmuir monolayers of 8Az3 by BAM, both with pure trans 
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A.3 Discussion 
A.3.1 Relationship of bulk and interfacial phase diagrams 
 It is worth commenting on the connection between the phase diagrams 
presented in Figure A.8 (bulk concentration vs. bulk composition) and hypothetical 2D 
(interfacial concentration vs. interfacial composition) phase diagrams of the interfacial 
surfactant layer in equilibrium with the bulk solution.  We emphasize that the axes of the 
phase diagrams in Figure A.8 correspond to thermodynamic variables associated with 
the bulk 8Az3-in-LC solution phase; these are of course the experimentally-accessible 
thermodynamic parameters (the bulk concentration is of course related to the solute’s 
chemical potential.). One cannot, of course, assume that the surface composition and 
bulk composition are identical.  Nor can one assume that a horizontal trajectory 
corresponds to a trajectory of constant total surface concentration.  However, it is true 
that a horizontal trajectory in Figure A.8 associated with increasing cis fraction at 
constant total concentration does correspond to some trajectory within a 2D phase 
diagram where the interfacial concentration of cis also increases; however, the 2D 
trajectory will not in general be horizontal or even a straight line.  Thus, the 
corresponding 2D phase diagram is likely to have the same topological structure, but 
will be distorted. 
 
  
194 
 
A.3.2  Liquid crystal textures at air/water and liquid crystal/water interface 
 It is also interesting to consider possible connections between the 
phases/textures associated with 8Az3 adsorbed at the nematic/aqueous interface and 
8Az3 Langmuir monolayers at the air/water interface.  The structures observed in the T2 
phase reported here at the liquid crystal/water interface are reminiscent of the textures 
at low temperatures and low-pressures in mesophases of trans-8Az3 Langmuir 
monolayers (Figure A.9A, C). However, it is far from clear how to correlate the T1 phase 
(which leads to homeotropic anchoring) with the structures observed at the air/water 
interface.  No isotropic phase is observed in 8Az3 Langmuir monolayers at the air/water 
interface at temperatures below 50 ˚C. Since the other side of the liquid crystal cell is 
homeotropically-anchored, homeotropic anchoring at the aqueous interface reduces the 
free energy due to elastic strain of the director field.  Thus the elastic nature of the 
nematic director field would tend to favor phases that induce homeotropic anchoring.  
We speculate that this effect may result in the appearance of an isotropic (possibly 
untilted) phase for 8Az3 at the liquid crystal/water interface, though no analogous phase 
occurs at the air/water interface.  A similar phenomenon was observed previously for 
phospholipid monolayers.13 
 Moving to the opposite side of the binary phase diagram, at the liquid 
crystal/water interface it is generally understood that the presence of cis isomers leads 
to disorder because these isomers frustrate molecular packing of alkyl chains.22  Thus 
the C phase is likely a disordered phase, with the same symmetry as the G phase but 
with a significantly higher interfacial concentration leading to tilted, but not planar, 
anchoring.  The intermediate liquid crystal tilt angles (25-35°) associated with the C 
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phase are unusual.  It is more common for alignment layers to induce tilt angles that are 
either very large or very small. The disordered C phase correlates well with the isotropic 
textures observed on Langmuir monolayers of 8Az3 under UV illumination (maximum 
cis composition) and the corresponding LB plate under liquid crystal amplification 
(images not shown). 
 The presence of the M phases at the liquid crystal/water interface is an intriguing 
result.  Their appearance in the interior of the phase diagram means that these 
thermodynamic phases exist only for mixtures, and do not appear in the phase diagram 
of either pure component.  Although this not unprecedented in binary mixtures, it is an 
uncommon situation.  This phase sequence is absent in 8Az3 monolayers at the 
air/water interface.  Mixed cis-trans monolayers at the air/water interface exhibit the 
lateral coexistence of two phases: an isotropic cis-rich phase, and a trans-rich 
mesophase.  Isolated domains of the latter form spontaneously and feature brush-like 
inner textures;23 such textures are reproduced in the liquid crystal cells over LB plates 
(Figure A.9c, d).  However, experiments show that these phases span the entire phase 
diagram at the air/water interface, from pure cis to pure trans.   For example, one can 
monitor a continuous and slow transition from almost pure cis 8Az3 monolayers into 
pure trans form by exposing a spread monolayer to UV light, and allowing subsequent 
relaxation in the dark. Continuous BAM observation (with a deep red laser, which does 
not alter the cis/trans balance) shows the progressive formation of trans-rich 
mesophase domains in coexistence with the isotropic cis-rich medium. Only these two 
distinctive phases are observed in coexistence until the entire air/water interface is 
covered by the trans mesophase.  In contrast, the MC and MT phases observed at the 
196 
 
liquid crystal/water interface appear only for mixtures and are not present for pure trans 
or pure cis monolayers. 
 
A.3.3 Phases introduced by interactions with liquid crystals 
 Earlier studies with saturated fatty acid monolayers at the liquid crystal/water 
interface reported a phase sequence analogous to the one known at the air/water 
interface, but with a systematic 40 ºC depression of phase transition temperatures.7 We 
have performed experiments on 8Az3 Langmuir monolayers to try to assess a similar 
relationship with phases at the liquid crystal/water interface. We have increased the 
temperature of pure trans monolayers up to nearly 50 ºC (at a constant lateral pressure 
of 2 mN/m), and we have found no evidence of an isotropic phase that could match the 
T1 phase reported in the current work. We have also explored the phase coexistence in 
mixed cis/trans monolayers in the range of temperatures from 5ºC up to nearly 50ºC, 
and we have found only small changes in the lateral miscibility of the two components, 
and no evidence of intermediate single phase mixtures.  We therefore hypothesize that 
the rich phase behavior of 8Az3 at the nematic liquid crystal/ water interface is due to its 
interaction with the adjacent liquid crystal phase. 
 We considered the prospect that changes to the liquid crystal textures may be 
due to the presence of 8Az3 in the bulk liquid crystal as opposed to anchoring 
transitions associated with interfacial monolayer phases.  For example, liquid crystal 
materials that are “doped” with solute have been observed to exhibit new phases 
(although the doping is generally at much higher concentrations than used here).11  It is 
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also possible that doped liquid crystals may also exhibit modified anchoring behavior or 
energies.  In order to investigate this possibility, we performed identical experiments to 
those reported above, but with the liquid crystal water interface replaced by the liquid 
crystal/air interface.  The amphiphilic 8Az3 is not expected to adsorb preferentially at 
the liquid crystal/air interface, so these experiments were expected to provide some 
information about the intrinsic effect of 8Az3 on the bulk liquid crystal phases and 
textures.  Homeotropic alignment was observed for all illumination wavelengths, 
temperatures, and concentrations investigated (data not shown).  Homeotropic 
alignment was also observed at the air interface when using an undoped nematic liquid 
crystal.  
 These control experiments demonstrate that no significant anchoring changes 
occur at the OTS SAM/liquid crystal interface or at the liquid crystal/air interface as a 
function of illumination.  This suggests that there is no dramatic change in the bulk 
phase behavior or bulk symmetry and that the variable orientational behavior with 
cis/trans ratio is associated with the nematic/water interface.  It is also important to note 
that bulk changes associated with doping would not be expected to lead to spatial 
heterogeneity such as we observe and attribute to interfacial phase separation.  The 
coexistence of lateral domains that we observe is stable, reversible, and change 
consistently with temperature and bulk concentration. Taken as a whole, these 
observations are self-consistent and in agreement with what one would expect for 
phenomena driven by phase transitions in an interfacial layer.  
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A.4 Conclusions 
 A photoisomerizable, azobenezene-containing amphiphilic fatty acid was 
dissolved in a nematic liquid crystal phase and allowed to adsorb at the liquid crystal 
/water interface.  A number of orientational states of the liquid crystal were observed as 
a function of concentration, temperature, and photostationary state (cis/trans isomeric 
ratio).  Reversible continuous and discontinuous transitions were observed between 
these states suggesting the existence of various equilibrium monolayer phases as a 
function of binary composition.  The orientation and texture of the adjacent liquid crystal 
phase reflected the molecular arrangement and texture within these interfacial phases.  
The phase diagram topology was determined as a function of temperature, surfactant 
concentration, and photostationary state, using empirically-observed liquid crystal 
textures to identify phases and phase transitions.  Six distinct interfacial phases were 
identified, including five condensed phases and a dilute interfacial vapor phase.  
Interestingly, two of the condensed phases appeared only for cis/trans mixtures, 
indicating a degree of miscibility at the liquid crystal/water interface that is absent for 
analogous monolayers at the air/water interface, where only two condensed phases are 
observed, one for trans-rich monolayers and one for cis-rich monolayers.  This 
demonstrates that interaction with an adjacent bulk nematic phase can not only shift 
phase transitions, it can also induce the appearance of new phases and modify the 
lateral miscibility of monolayer components.  
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Appendix B 
 
Liquid Crystal Detection of Oligonucleotide Hybridization 
 
B.1 Introduction 
 Insofar, this dissertation has demonstrated that extended DNA molecules orient 
nematic liquid crystals oblique to the extension direction at an azimuthal angle of 30º.  
This response is unique to chiral molecules, as liquid crystal generally aligns itself in the 
direction of anisotropy (i.e. the extension direction).  While we have demonstrated the 
ability to distinguish between double and single-stranded DNA, it is far from becoming a 
useful technology.  We have merely demonstrated that extremely long, genomic length 
DNA can disrupt liquid crystalline alignment.  For this to be a viable detection scheme, 
however, we must demonstrate that not only do long molecules of extended DNA align 
liquid crystals, but that oligonucleotide-length DNA is able to disrupt liquid crystalline 
alignment.  Current approaches in DNA technology use oligonucleotide length (usually 
less than 200 nucleotides), rather than the 15,000-48,000 base pair-length DNA used in 
this work.  As there are only 10 base pairs per rotation in a double helix, it is logical that 
oligonucleotide-length DNA strands will retain the necessary secondary structure (e.g. 
the major and minor grooves of the double helix) necessary to induce the oblique liquid 
crystal alignment observed when it is in contact with long DNA strands.   
 To fully test the feasibility of this method as a sensing mechanism, we want to 
test (1) prove that shorter DNA strands evoke the same liquid crystal alignment as long 
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strands of DNA (2), direct attachment of a single stranded oligonucleotide, followed by 
surface hybridization.  Chapter 3 has demonstrated that the ratio of extended to coiled 
molecules has a direct effect on liquid crystal alignment. Therefore, optimization of 
extension would also be useful.  It would be ideal to optimize this parameter as well, but 
the multiple theories surrounding the mechanism of DNA attachment and leave too 
many options to be explored in the remaining time frame.   
 
B.2 Goals 
B.2.1 Shortening DNA stands for extension 
 Again, the key experimental parameter for a useful DNA sensor is the ability to 
distinguish between dsDNA and ssDNA.   However, we have only proved the ability to 
distinguish between long, genomic strands of dsDNA and ssDNA.  Only 10 base pairs 
are required to complete a turn in a dsDNA double helix, therefore if our hypothesis that 
it is the major groove of dsDNA providing the chirality necessary to induce alignment is 
true.1   As we have reason to believe that the liquid crystal alignment is affected by the 
ratio of extended to coiled DNA, we hypothesize that shortened would also be able to 
align liquid crystal at the unique oblique angle of -32±4.    With that in mind, shortened 
DNA strands still carry the distinct possibility of increased efficiency of DNA extension, 
as more strands attach with decreasing strand length.1  Additionally, as we believe that 
multiple attachment points within the DNA strand lead to pinned, entangled DNA that 
does not extend during the molecular combing process, it follows that shorter strands, 
with their more reactive ends,  could have a higher fidelity in extension, leading to 
increased, more reliable liquid crystal alignment.   The other distinct possibility is that a 
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much higher surface concentration of extended DNA is necessary to impart liquid 
crystalline alignment.  As we are aiming to shift from strands that are 48,500 bp to 
strands of 200 bp or less, many more strands of DNA would have to be on the surface, 
even while retaining identical surface coverage of DNA.   
 We have explored two methods for shortening DNA: degradation by sonication, 
and cutting via restriction enzyme.  Shortening techniques were as follows:  sonication 
(9 W probe sonicator) for 90 seconds, which results in fragments 100-1000 base pairs.  
In Figure B.1, one can see the evolving distribution of DNA strand lengths with 
sonication.  Above 30 seconds, no additional shortening was observed, and DNA 
remained between 100 and 1000 base pairs.    
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fragments produced.  While restriction enzymes cut with high fidelity under proper 
reaction conditions, the quantity of DNA recoverable from agarose gels in insufficient to 
perform molecular combing experiments with the current protocol.  Only a few 
nanograms at a time are recovered from agarose gels, and microgram quantities are in 
fact used in the current DNA deposition method.  Thus, the larger quantities of DNA 
available via sonication were used experimentally, despite the ability to precisely control 
for DNA length with the digested DNA. 
 There is obviously an essentially infinite combination of restriction enzymes and 
lengths of cut DNA, but the concentration of recoverable DNA separated by agarose gel 
is too low be useful in the current method of molecular combing.  A separation method 
with a higher yield would enable testing of discrete, known DNA sequences.  However, 
due to the larger quantities possible from sonicated DNA, only it has been shown to 
induce liquid crystal alignment oblique to the dipping direction.  
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Table B.1: Restriction Enzyme cut site and fragment length for lambda phage DNA 
Restriction Enzyme Cut Site Fragment length (base pairs)
EagI 2212
12002
23442
24371
27374
36654
48805
 
11961 
16710 
19944 
 
SphI 19944
39418
 
929 
2212 
3003 
9084 
9790 
11440 
12044 
EagI SphI double digest 2212
12002
19944
23442
24371
27374
36654
39418
48805
 
929 
2764 
3003 
3498 
7942 
9280 
9387 
9790 
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Chapter 3,  YOYO-1 iodide, intercalate into the double helix, and is thus specific to 
dsDNA.2-7  Successful labeling of ssDNA requires a different technique.  The ULYSIS 
(Invitrogen) system is based on the universal linkage reagent by Kreatech.8  This 
procedure covalently attaches a fluorophore of choice to the phosphate backbone of the 
DNA.  Thus, even when denatured, we are able to observe the ssDNA fluorescently.   
YOYO-1 iodide (491 excitation/509 emission) was selected due to label dsDNA.  While 
there is a small amount of overlap in the spectral excitation/emission spectrums of the 
two fluorophores, crosstalk between channels is negligible (within error for background).   
  
B.2.3  Epoxide-Amine oligonucleotide attachment 
 In many arrays, oligonucleotide density closer than 1 molecule per 4 nm2 to 
prevent steric hindrances from interfering with hybridization.9  The overall goal of this 
work is to attach known probe sequences to the surface, so that we may then measure 
the amount of DNA on the surface.  The hypothesis for attachment is the amine-epoxide 
attachment mechanism.  It is well known that epoxide rings are subject to a nucleophilic 
ring-opening attack.10   An amine linker has already been used in several cases to 
attach oligonucleotides to epoxide surfaces.11 12-14  It is especially convenient that this 
epoxide layer imparts degenerate azimuthal anchoring, the prerequisite for our 
detection scheme using extended DNA molecules.  Unfortunately, the epoxide layer 
seems to be extremely sensitive to deposition conditions.  While pH 9 and above is 
purported to be ideal range for nucleophilic ring opening reacting, we believe that this is 
in fact an overly reactive condition.  At pH above 9, oligonucleotide attachment was low, 
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and sample to sample variation was unacceptably inconsistent (data not shown).  
Literature deposition conditions range from pure water11, to as basic as to 100 mM KOH 
(pH 12).13, 14  The Beattie group recommends attachment in water due to increased 
nonspecific attachment during the hybridization step (presumably due to the 
disappearance of any blocking from the epoxide groups), as well as increased drop 
spreading due to monolayer destruction by the basic solution.  Surprisingly, they also 
found that probe attachment increased at lower temperatures (20 ºC as opposed to 37 
ºC or 65 ºC), again presumably reducing the reactivity of water, causing increased 
selectivity for a primary amine to act as a nucleophile.  While other literature suggested 
both elevated and room temperature protocols, we found that attachment occurred even 
at conditions initially considered too mild for the nucleophilic reaction to occur (room 
temperature at neutral pH).   
 We propose that at extremely favorable reaction conditions such as elevated 
temperature, and high pH, water itself acts a nucleophile, and due to its vast excess as 
the solvent, can easily outcompete any other nucleophile in solution, therefore causing 
decreased attachment efficiency.  Elevated temperatures are also known to drive the 
ring-opening reaction, but these elevated temperatures were also suspected in favoring 
water as a nucleophile over primary amines due to the vast excess of water in an 
aqueous solution.   
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B.2.4 Streptavidin-biotin attachment 
 As attachment via amine-epoxide linkage proves unreliable, we explore a second 
option for linkage.  Streptavidin-biotin interactions are some of the strongest non-
covalent interactions available.10  The binding affinity is extremely high, on the order of 
ܭ௔ ൌ 10ଵହ	ܯିଵ 15,16, causing equilibrium to shift to the point of nearly every molecule 
being bound.  These bonds are secure, as long as temperature is kept low enough to 
prevent protein denaturation.  These were also attempted as a method to attach 
oligonucleotides to a streptavidin coated surface.  While streptavidin is not GPTMS, 
which is known to produce degenerately aligned liquid crystal with not surface memory 
effect, it was suspected that this protein would induce degenerate azimuthal alignment. 
Work completed in the Abbott group demonstrated that films of bovine serum albumin 
(BSA) induced degenerate alignment, but that the alignment would change in the 
direction of any rubbing.17   It is therefore reasonable to hypothesize that another, 
similar protein could cause induce degenerate alignment.  Similar to other alignment 
layers that induce degenerate planar alignment, a protein layers is expected to have a 
surface memory effect.  It is, however, irrelevant to distinguishing between double and 
single stranded DNA.  We would, however, be unable to distinguish between single 
stranded DNA and a control state without DNA.  Assuming that passing through a 
moving interface affects a BSA layer similarly to mechanical rubbing, we would no 
longer be able to distinguish between single stranded DNA and absence of DNA.  
 Double stranded DNA, however, would still give oblique alignment due to its 
unique chiral structure.  Thus, we would continue to show a unique liquid crystal 
signature for double-stranded DNA, again allowing for sensitive detections.   
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concentrations, pH, and temperature.  In experiments with Na+, it was shown that helix 
stability increase up to approximately 1M.  Helix stability is relatively insensitive to pH 
changes between 5 and 9.  At low pH, bases in the single strand binds more than 
protons than in the duplex, thus favoring the single strand.  At higher pH, the bases are 
deprotonated, eliminated normal hydrogen bonding and increasing charge repulsion. An 
eventual goal is surface hybridization.  Preliminary hybridization experiments show that 
either stringency conditions must be optimized, or that hybridization is impeded at the 
solid interface.  In order for hybridization to occur, we must aim for significantly less 
stringent conditions than used in previous work in our group, in which hybridization 
could only occur due to the partitioning of DNA to the liquid-liquid crystal interface20.  In 
this case, the goal is surface hybridization to DNA probes covalently attached to a 
GPTMS SAM.   DNA hybridization occurs most efficiently at 5-10 ºC beneath the 
melting point 18 19.  DNA helices becomes increasingly stable up to 1 M NaCl9,21.   
Surface hybridization was attempted with GPTMS SAMs with covalently attached 32 bp 
oligonucleotides.  Sequence amine_32_488 (See Chapter 5.2.2) was attached.  
Attachment was verified by increase of fluorescence over background which remained 
after a boiling water rinse.  BSA has been shown to induce degenerate azimuthal 
anchoring without rubbing.  It could function as a blocking agent during hybridization 
studies 17. 
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